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is  evaluated  thereby  establishing  a  failure  threshold  curve  for  a  specific 
laminate  -  T300/934,  (±45,  0,  90)2s. 

2.  The  behavior  of  the  same  laminate,  with  and  without  a  central ly-drillec 
hole,  under  tensile  fatigue  loads  is  assessed  experimentally.  The  resulting 
o-N  (fatigue  stress-number  of  cycles)  curves  are  shown. 

3.  The  behavior  of  the  laminates  subjected  to  several  combinations  of 
fatigue  and  impact  loads  is  evaluated.  The  effect  of  the  order  of  applying 
the  fatigue  and  impact  loads  on  the  strength  and  the  life  of  the  laminates  is 
also  determined. 

4.  The  experimental  results  are  compared  with  results  obtained  by  using 
some  of  the  existing  analytical  models  applicable  to  the  study  of  fatigue  and 
impact  behavior  of  the  composite  laminates. 

5.  Analyses  of  the  damage  resulting  from  t.he  impact  and  fatigue  loads 
in  the  composite  laminates  are  also  documented. 


Based  on  the  experimental  work  performed  using  a  graphite/epoxy  composite 
material  system  with  an  orientation  and  a  stacking  sequence  of  (±45,  0,  90)2  , 
the  following  conclusions  may  be  drawn. 

I.>The  residual  strength  of  the  impact-damaged  laminates  can  be  predicted 
using  an  analytical  nradelr' The  correlation  between  the  experimental  and  the 
analytical  results  was  found  he  good.  Extensive  experimental  data  is  not 
necessary  to  use  the  analytical  model. "  ~ 

27^"  Both  the  power  law  and  the  wearout  models  appear  to  be  useful  in 
predicting  the  fatigue  life  of  the  composite  laminates.  However,  because  of 
the  slope  parameter,  the  wearout  model  appears  to  have  a  slight  edge  over  the 
power  law  model,  particularly  at  low  fatigue  life  and  higher  applied  stress."^ 
'The -arratyt  teal  and  the  experimental  results  were  -found  to  correlate  well, 

3^The  strength  degradation  due  to  cyclic  loading  in  notched  laminates 
was  found  to  be  extremely  small  up  to  a  million  cycles.  The  residual  strength 
of  the  fatigue-damaged  laminates  was  found  to  increase  (in  proportion  to  the 
applied  maximum  stress  with  R  =  0.1)  after  a  million  fatigue  cycles. 

4^Impact  loading  followed  by  cyclic  loading  was  found  to  be  more 
damaging  (in  reducing  the  life  of  the  laminate)  than  the  reversed  sequence  of 
loading. 

5. ^The  magnitude  of  the  minimum  projectile  velocity  causing  catastrophic 

failure  in  the  laminates  tested  was  found  as  a  function  of  the  applied  stress 
and  the  number  of  fatigue,  cycles.  ^ —  - - 

6.  The  techniques  used  to  document  the  damage  in  -.he  impact-  and 
fatigue-damaged  specimens  need  further  refinement. 

7.  The  technique  used  to  propel  the  projectile  at  a  predetermined 
velocity  needs  further  improvement. 
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8.  The  development  of  an  analytical  model  is  recommended  to 
predict  the  minimum  impact  energy  precipitating  in  a  catastrophic 
failure  of  the  composite  materials  subjected  to  cyclical  loads. 
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SECTION  I 


INTRODUCTION 

The  evaluation  of  the  fatigue  behavior  of  the  high  perfor¬ 
mance  fiber  composites  is  a  complex  process.  The  term  fatigue 
may  be  defined  as  "a  change  of  materials  properties  such  as 
strength,  stiffness,  and  life  during  the  cyclic,  periodic,  or 
extended  application  of  external  environments  such  as  loads, 
strains,  temperature,  moisture,  radiation,  and  the  like"  (1)*. 

The  fatigue  strength  is  one  of  the  essential  properties  needed 
in  the  design  of  light  weight,  high  strength  components  fabri¬ 
cated  with  the  fiber  composites.  Various  ^actors  such  as  the 
ply-orientation  and  stacking  sequence,  fabrication  variables, 
etc.,  would  affect  the  fatigue  strength  of  the  laminated  com¬ 
posites.  In  addition,  artificially  implanted  flaws  or  mechan¬ 
ically  damaged  laminates  would  lead  to  reduced  laminate  strength  (2). 
The  fatigue  strength,  in  general,  would  vary  with  the  cyclical 
loading.  Further,  the  fatigue  strength  of  a  typical  composite 
laminate  (with  an  implanted  flaw  such  as  a  smooth  circular  hole 
through  the  entire  thickness)  as  a  function  of  the  number  of 
cycles  to  failure  will  also  degrade.  In  general,  the  fatigue 
failures  would  be  accompanied  by  progressive  delaminations, 
fiber-splitting,  and  (in  compression  mode)  fiber-buckling  (3). 

Just  like  the  fatigue  strength,  the  residual  strength  of 
the  laminated  composites  subjected  to  low  velocity  projectile 

♦Numbers  in  parentheses  designate  References  at  end  of  the  report. 
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impact  is  also  one  of  the  important  factors  to  be  considered  in 
the  design  of  components  with  fiber  composites.  Low  velocity 
impact  damage  could  take  place  in  composites  due  to  runway 
debris,  foreian  objects  sc  i  as  hand  tools  etc.  Such  damage 
may  or  may  not  oe  clearly  visible  and  yet,  it  results  in  a  loss 
of  the  laminate  strength.  The  impact -damaged  laminates  under 
controlled  conditions  exhibit  many  characteristics  similar  to 
the  fatigue-damaged  composites.  Strength  reduction  is  one  of 
the  common  features.  The  damaged  laminate  under  the  fatigue  or 
impact  loads  typically  exhibits  detaminations,  debonding,  fiber 
breakage,  interfacial  phenomena,  etc.  There  are  many  experi¬ 
mental  techniques  presently  available  to  study  the  characteris¬ 
tics  of  the  damaged  laminates.  There  are  also  some  analytical 
models  to  predict  the  behavior  of  the  laminates  subjected  to 
impact  and  fatigue  loads. 

The  behavior  of  the  laminated  composite  materials  subjected 
to  a  combination  of  low  velocity  projectile  impact  and  axial 
fatigue  loads  is  not  fully  understood.  The  order  in  which  these 
two  loads  (impact  and  fatigue)  are  applied  to  the  laminate  could 
have  an  effect  on  the  residual  strength  of  the  composite  material. 
Further,  the  presence  of  implanted  flaws  (in  the  form  of  a  hole) 
in  the  laminate  subjected  to  fatigue  loads  could  have  some 
identifiable  common  characteristics  with  the  behavior  of  the 
impact -damaged  laminates  exposed  to  cyclical  loads. 


SECTION  II 
LITERATURE  REVIEW 

The  use  of  laminated  composites  as  primary  structural 
materials  has  generated  the  need  to  characterize  the  response 
of  these  materials  under  all  anticipated  loading  conditions 
such  as  impact  loads,  cyclical  loads,  etc.  One  of  the  major 
problems  encountered  in  the  structural  application  of  composite 
materials  is  their  low  impact  resistance.  These  materials  are 
being  applied  to  jet  engine  fan  and  compressor  blades  as  well 
as  to  aircraft  structures,  all  of  which  are  subjected  to  some 
kind  of  hard  body  (stones,  rivets,  ice  balls,  dropping  of  hand 
tools,  etc.)  and  soft  body  (birds)  impact.  Consequently,  it  is 
of  interest  to  study  the  impact  damage  caused  by  low  velocity 
projectiles  to  composite  materials. 

Two  modes  of  failure  are  typically  observed  when  a  composite 
material  is  impacted  by  a  foreign  object.  Hard  objects  mainly 
cause  local  damage  which  in  turn  may  result  in  significant 
strength  degradation  upon  subsequent  fatigue  loading.  On  the 
other  hand,  a  soft  body  impact  might  directly  cause  an  overall 
structural  failure  due  to  large  deformations  at  the  blade  root. 
However,  for  certain  impact  parameters  (mass,  materials,  velocity 
and  geometry),  a  soft  body  may  cause  local  damage  only  (such  as 
in  the  leading  edge  of  a  blade)  exhibiting  a  loss  of  mass  with¬ 
out  gross  failure  at  the  root.  Small  object  impact  on  composites 
causes  mainly  local  damage  which  is  limited  by  and  large  to  the 
immediate  impact  areas.  This  type  of  damage  appears  in  the  form 
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of  indentation,  lateral  and  axial  cracks,  perforations,  delamin¬ 
ations  and  spallation.  The  type  of  damage  depends  largely  on  the 
material  type  and  thickness  of  the  laminate,  mass  and  striking 
velocity  of  the  impactor.  The  major  effect  with  these  types  of 
damage  is  a  reduction  in  the  strength  of  the  impacted  laminate. 

For  low  impact  velocities,  no  strength  degradation  is  observed. 

The  range  of  these  impact  velocities  for  which  no  damage  is  produced 
can  be  very  small  for  the  case  of  a  hard  object  impacting  a  brittle 
material  (4)  and  much  larger  for  small  soft  object  impacts  (5). 

When  a  specimen  is  subjected  to  a  localized  hard  particle  impact 
at  a  velocity  and  then  loaded  to  failure,  the  resulting  strength 
will  be  less  than  the  original  strength.  The  same  result  can  be 
achieved  by  implanting  a  flaw  through  the  thickness  and  stressing  it 
to  failure.  Using  fracture  mechanics,  a  theoretical  model  was 
developed  (6)  to  evaluate  the  residual  strength  of  impact-damaged 
laminates.  In  developing  this  model,  it  was  assumed  that  the 
difference  between  the  energy  density  required  to  break  an  undamaged 
and  an  impact-damaged  specimen  is  directly  proportional  to  the 
kinetic  energy  imparted  to  the  specimen. 

Themodels,  developed  by  Waddoups,  et.  al.,  (7)  and  Husman,  et.  al.,  (6) 
to  predict  the  residual  strength  of  impact -damaged  specimens  appear 
to  be  similar  if  the  concept  of  crack  in  (7)  is  replaced  with  a 
circular  hole  (6).  Another  relationship  between  the  residual  strength 
and  the  kinetic  energy  was  developed  (8).  This  relationship  using 
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the  concept  of  notched  strength  was  proposed  by  Whitney  and 
Nuismer  (8).  Various  theoretical  approaches  to  study  the  be¬ 
havior  of  the  notched  composites  based  on  linear  elastic  fracture 
mechanics  and  other  methods  have  been  reviewed  by  Yeow,  et.  al.  (9). 
Experimental  verification  of  theoretical  models  was  also  common 
in  many  of  the  studies  reviewed  in  (9).  The  experimental  studies 
(10-13)  typically  deal  with  the  effect  of  implanted  flaws  such 
as  holes  and  slots  of  known  dimensions  in  composite  materials 
as  a  function  of  variables  such  as  lamina  configuration  (ply 
orientation  and  stacking  sequence),  fiber/matrix  combination, 
specimen  width  to  projectile  diameter  ratio,  etc. 

The  use  of  reinforced  materials  in  applications  subjected 
to  dynamic  loads  depends  to  a  large  extent  on  their  ability  to 
withstand  the  cyclic  loading  which  is  one  of  the  most  important 
reasons  to  investigate  the  fatigue  behavior  of  composite  materials. 
A  considerable  amount  of  research  work  has  been  done  on  isotropic 
materials  to  understand  their  fatigue  behavior.  It  may  be  des¬ 
cribed  as  the  growth  of  a  single  dominant  crack  initiated  by  a 
dislocation  or  pre-existing  void  in  the  material  at  the  micro- 
structural  level.  The  knowledge  so  gained  from  the  fatigue 
behavior  of  isotropic  materials  is  not  sufficient  to  understand 
the  failure  mechanisms  in  fiber -reinforced  composite  materials 
as  they  are  inhomogeneous  and  anisotropic.  The  fatigue  strength 
in  composites  depends  on  the  type  of  material,  fiber  orientation, 
stacking  sequence,  test  frequency,  stress  ratio,  etc.,  which 
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restricts  the  generalization  of  the  fatigue  behavior  even  for  a 
given  combination  of  composite  material. 

Several  investigators  (14-16)  reported  that  the  frequency  of 
testing  has  significant  effect  on  the  fatigue  response  of  some 
composites.  On  studying  the  tests  conducted  at  various  frequen¬ 
cies,  it  was  suggested  that  multidirectional  carbon-  and  boron- 
epoxies  with  some  zero  degree  fibers  can  be  tested  up  to  20  Hz. 

For  composites  containing  fibers  with  a  lower  modulus,  a  test 
frequency  of  10  Hz  was  recommended.  According  to  Hahn  arid  Kim  (15), 
at  higher  stress  levels,  the  fiber  breakage  and  matrix  cracking 
leads  to  fracture.  At  lower  stresses,  the  micro-cracks  in  the 
matrix  grow  perpendicular  to  the  loading  direction  causing  several 
random  fiber  breakages  (17).  Such  a  failure  is  the  result  of 
reduction  in  the  effective  cross-sectional  area.  The  crack 
created  by  a  fiber  break  tends  to  grow  into  the  matrix  at  a 
higher  loading  rate  (18).  Thus,  the  composite  strength  may 
decrease  with  increasing  loading  rate  (19).  The  subsequent 
crack  growth  also  depends  on  the  level  of  the  applied  stress  at 
which  the  fiber  breaks.  If  the  fiber  breaks  at  a  low  stress 
level  due  to  defects  or  weaknesses  (20,  21),  the  crack  is  more 
likely  to  lead  to  interfacial  debonding  than  to  extend  into  the 
matrix  (19).  Consequently,  when  a  composite  system  contains 
many  weak  fibers,  substantial  number  of  fibers  break  before  the 
failure  of  the  composite  takes  place.  There  would  be  a  larger 
number  of  fiber  breaks  in  longer  specimens  than  in  shorter 
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specimens  at  the  same  level  of  applied  stress.  Hence,  longer 
specimens  tend  to  exhibit  brush-like  failure  when  compared  to 
shorter  specimens.  The  fatigue  cracks  in  composites  can  initiate 
at  the  free  surface  as  in  metals  and  additionally  at  fiber  breaks 
or  fiber  ends  (22  -  24).  Some  of  the  fibers  can  break  at  as  low 
as  half  of  the  ultimate  strength  (24).  At  higher  volume  fractions 
of  fibers,  there  are  more  fiber  breaks  and  hence  more  crack 
initiation  sites.  However,  at  the  same  time,  more  fibers  act 
as  crack  arrestors  and  more  effective  retardation  of  crack  growth 
will  be  realized  (25.) 

If  the  matrix  has  higher  stiffness  and  yield  strength  yet  is 
highly  ductile,  the  stress  transfer  from  broken 
fibers  to  the  neighboring  unbroken  ones  is  more  effective  and  the 
fracture  surface  becomes  fairly  planar  with  no  signs  of  longi¬ 
tudinal  cracking  in  the  matrix  (23).  For  the  same  reason  the 
possibility  of  interfacial  debonding  increases.  Since  the  fiber 
fracture  is  brittle  when  it  happens,  the  net  effect  can  be  an 
increased  crack  growth  rate  and  the  composite  becomes  more  fatigue 
sensitive  than  the  matrix.  For  composites  in  which  the  matrix  is 
well  within  the  elastic  range  up  to  the  composite  failure,  the 
fatigue  damage  in  the  matrix  will  be  negligible,  except  at  the 
sites  of  fiber  breaks.  Consequently,  the  modulus  and  the  strength 
do  not  decrease  until  the  fracture  is  imminent  (26,  27). 


Several  investigators  (28  -  30)  have  shown  a  possible  rela¬ 
tionship  between  the  static  strength  and  the  fatigue  life.  The 
relationship  is  such  that,  among  similar  elements,  a  stronger 
element  also  has  a  longer  life.  In  multidirectional  composite 
laminates,  depending  upon  the  stacking  sequence  and  delaminations 
(31  -  34),  the  final  failure  under  tensile  loading  is  invariably 
preceded  by  the  failure  of  weaker  plies.  In  general,  the  delam¬ 
ination  surfaces  consist  of  two  distinct  areas  -  one  shiny  and 
the  other  dull.  It  was  reported  (35)  that  SEM  (Scanning  Electron 
Microscope)  photographs  of  delaminated  surface  revealed  that  the 
shiny  areas  have  bare  fibers  on  the  surface  while  the  dull  areas 
have  only  traces  of  fibers  in  the  epoxy.  Apparently,  the  bare 
fibers  act  like  convex  mirrors,  thereby  producing  macroscopically 
shiny  surfaces.  On  the  other  hand,  fiber  traces  are  similar  to 
concave  mirrors  and  hence  limit  the  reflection  of  light. 

Three  dimensional  fatigue  failure  criterion  for  undirectional 
composites  under  a  state  of  cyclic  stresses  was  discussed  by 
Z.  Hashin  (36).  Two  distinct  failure  modes,  fiber  mode  and  matrix 
mode  were  modelled  separately.  In  many  applications,  it  is 
sufficient  to  deal  with  plane  stress  but  the  need  for  three 
dimensional  state  of  stress  arises  predominantly  near  holes  in 
the  laminate  and  at  the  laminate  edges.  Fatigue  failure  criteria 
for  three  dimensional  cyclic  stress  are  of  particular  importance 
for  fatigue  failure  analysis  of  notched  laminates.  The  state 
of  stress  in  the  laminate  near  the  notch  is  three  dimensional  and 
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can  only  be  obtained  by  numerical  methods  such  as  finite  element 
methods.  The  failure  criteria  developed  (36)  can  be  used  to  pre¬ 
dict  the  location  of  the  first  failure,  the  mode  and  the  number 
of  cycles  of  failure.  In  Z.  Hashin's  analysis  (36),  the  separa¬ 
tion  of  bond  between  the  two  laminae  due  to  shear  and  normal 
stress  was  not  considered. 

Many  theoretical  models  have  been  developed  to  predict  the 
fatigue  life,  such  as  the  wearout  and  power  law  models  (37), 
which  will  control  the  deterministic  equation  of  the  o-N  diagram. 

A  residual  strength  model  was  suggested  (38)  in  which  it  was 
shown  that  a  specimen  will  decrease  in  its  strength  correspond¬ 
ing  to  its  fatigue  life  cycles.  The  decrease  in  the  residual 
strength  has  been  used  as  a  measure  of  fatigue  life.  The  appli¬ 
cation  of  the  wearout  and  power  law  models  is  shown  in  the  sub¬ 
sequent  sections  of  this  report. 

The  analysis  of  a  composite  specimen  with  a  centrally  drilled 
hole  involves  two  parts,  viz.,  static  failure  analysis  and  fatigue 
failure  analysis.  The  static  failure  model,  at  the  laminate  level, 
is  divided  (39)  into  three  regions:  (i)  a  central  core  region 
which  is  the  projection  of  the  notch  in  loading  direction; 

(ii)  an  overstressed  region  of  average  stress  concentration, 
adjacent  to  the  core  region;  and  (iii)  an  average  stress  region. 
This  model  adequately  predicts  (40)  the  gross  heterogeneous 
behavior  of  the  laminate  in  the  overstressed  and  average  stress 
regions.  The  stress  state  in  the  vicinity  of  the  notch,  though. 


indicates  the  presence  of  high  interlaminar  stresses.  In  some 
laminates,  these  interlaminar  stresses  are  large  enough  to  cause 
a  delamination  or  peeling  off  of  one  ply  from  another  (41). 

A  "mechanistic  wearout"  concept  used  in  earlier  studies  (41) 
underlines  the  basic  philosophy  of  the  laminate  fatigue  behavior. 

On  fatigue  loading,  material  property  degradation  is  predominant 
in  the  vicinity  of  the  notch  due  to  stress  concentration  effects. 

An  experimental  characterization  of  the  lamina  fatigue  data  helps 
estimate  the  degradation  in  laminate  properties  due  to  cyclic 
loading.  The  material  property  degradation  on  fatigue  loading, 
when  incorporated  into  the  static  failure  model  described  earlier, 
could  lead  to  fatigue  failure  modes  and  strengths  that  are  very 
different  from  the  static  predictions  (40). 

Schutz,  et.  al.  (42)  reported  that  a  typical  feature  of 
specimens  with  holes  is  the  occurrence  of  longitudinal  cracks 
originating  at  the  hole,  whereupon  the  fracture  can  run  partly 
along  these  longitudinal  cracks.  These  cracks  are  visible  only 
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for  load  cycle  numbers  greater  than  10  .  Some  of  the  conclusions 
from  this  study  (42)  are:  (1)  stress  concentration  in  specimens 
containing  open  holes  reduces  the  static  tensile  strength  by 
comparison  with  plain  specimens,  (2)  stress  concentration  reduces 
the  fatigue  strength  in  the  short-life  region,  and  in  the  long-life 
region,  its  effect  disappears.  Ramkumar  (40)  reports  that  the 
residual  strength  after  107  cycles  was  greater  than  or  equal 
to  the  virgin  strength.  The  Increase  in  strength  with  fatigue 
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SECTION  III 


STATEMENT  OF  WORK 

This  study  primarily  addresses  the  behavior  of  the  laminated 
fiber  composite  materials  subjected  to  low  velocity  projectile 
impact  and  cyclical  loading.  In  particular,  the  following  cases 
have  been  studied: 

1.  The  strength  degradation  of  a  composite  laminate 
subjected  to  low  velocity  projectile  impact  is 
studied.  The  variation  of  the  residual  strength 

of  the  laminate  as  a  function  of  the  kinetic  energy 
of  the  impacting  projectile  is  evaluated  thereby 
establishing  a  failure  threshold  curve  for  a 
specific  laminate. 

2.  The  behavior  of  the  same  laminate,  with  and 
without  a  centrally  drilled  hole,  under  tensile 
fatigue  loads  is  assessed  experimentally.  The 
resulting  o-N  (fatigue  stress-number  of  cycles) 
curves  are  shown. 

3.  The  behavior  of  the  laminate  subjected  to 
several  combinations  of  fatigue  and  impact 
loads  is  evaluated.  The  effect  of  the  order 
of  applying  the  fatigue  and  impact  loads  on 
the  strength  and  the  life  of  the  laminates 
is  also  determined. 

4.  The  experimental  results  are  compared  with 
results  obtained  by  using  some  of  the  existing 
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analytical  models  applicable  to  the  study 
of  fatigue  and  impact  behavior  of  the 
composite  laminates. 

5.  Analyses  of  the  damage  resulting  from  the 
impact  and  fatigue  loads  in  the  composite 
laminates  are  also  documented. 
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SECTION  IV 


ANALYTICAL  MODELS 

Two  types  of  analytical  models  are  presented  here  briefly. 

These  models  are  not  new.  However,  the  results  obtained  using 
these  models  are  compared  with  the  experimental  data. 

1 .  Residual  Strength  Model 

At  very  low  impact  energy  levels,  many  laminated  composite 
materials  do  not  show  any  significant  static  strength  degradation. 
Since  significant  damage  does  not  occur  at  velocities  less  than 
the  threshold  damage  velocity,  it  may  be  assumed  that  the  damage 
is  proportional  to  the  difference  between  the  kinetic  energy  of 
impact  and  the  threshold  damage  kinetic  energy.  The  preceding 
statement  may  be  expressed  as  (43) 

c  =  k  (W  -  WQ)  (a) 

where  c  =  damage  as  an  effective  through  the  thickness 
crack  of  length  2c 

k  =  constant  depending  on  the  material  and  the  laminate 

W  =  kinetic  energy  of  impact  per  unit  thickness 

WQ  =  threshold  damage  kinetic  energy  per  unit  thickness 

The  average  stress  criterion  developed  by  Whitney  and  Nuismer  (8) 

for  an  isotropic  laminate  is  given  by 

(c£/  0Q)  »  [(1  -  ct  )/(l  +  c,  )]*  (b) 

where  oJ°  =  failure  stress  of  an  infinite  plate  containing 
a  crack  (notch)  of  length  2c 

o0  =  failure  stress  of  an  unnotched  plate 

=  c/(c  +  aQ) 

a  =  characteristic  dimension  adjacent  to 
discontinuity. 

Substituting  for  in  equation  (b), 

(oN“/c0)  *  C(a0)/(2c  +  aQ)]*  (c) 
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Equations  (a)  and  (c)  can  be  combined  resulting  in  the  following: 

(o“/o0)  =  l/[(2k/a0)(H-W0)  +  1]V?  (d) 

Assuming  ofi  =  or,  residual  strength  of  the  specimen  and  (k/aQ)  = 

K,  a  constant,  the  equation  (d)  can  be  re-written  in  the  following 
form: 

(or/o0)  =  C2K(W-WQ)  +  1]'*  (e) 

The  above  relationship  can  be  used  to  predict  the  residual  strength 
of  a  laminate  for  different  values  of  kinetic  energy.  In  order 
to  determine  the  values  of  2K  and  WQ,  equation  (e)  is  re-written 
in  linear  form  as: 

y  »  ax  +  b 

where  y  *  (o0/or)* 
x  =  W 
a  =  2K 

b  =  (1  -2KW0) 

The  ultimate  strength  oQ  and  the  post-impact  residual  strength 

o  at  different  velocities  are  determined  by  performing 
r 

tests  on  a  few  specimens.  Using  linear  regression  analysis, 
a  best  fit  is  obtained  for  the  data  and  the  values  for  2K  and  WQ 
are  thus  determined.  These  values  are  used  in  equation  (e)  to 
predict  the  residual  strength  at  any  velocity  of  impact.  Addi¬ 
tional  details  on  the  application  of  this  model  can  be  found  in 
a  report  by  Avva  (44).  The  numerical  results  pertaining  to  this 
report  are  given  in  Appendix  A. 
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2.  Fatigue  Strength  Model 


A  new  procedure  for  fitting  fatigue  models  to  experimental 
data  was  developed  by  Sendeckyj  (37).  This  procedure  consists 
of  transforming  the  fatigue  data  into  equivalent  static 
strength  data  using  a  deterministic  equation  with  unknown  para¬ 
meters.  The  max imum-1 ike 1 i hood  estimate  of  the  shape  parameter 
(in  a  two-parameter  Weibull  distribution)  can  be  obtained  using 
iterative  procedures.  The  wearout  model  adopted  by  Sendeckyj  (37) 
is  given  by  the  following  deterministic  equation 

o  *0  [(o_/o  )^s  +  (n-l)C]s  (a) 

(?  d  r  a 

where  oe>  oa>  af,  and  n  are  the  equivalent  static  strength, 
maximum  applied  cyclic  stress,  residual  strength,  and  number  of 
cycles,  respectively.  The  parameter  s  is  the  absolute  value  of 
the  asymptotic  slope  at  long  life  on  a  log-log  plot  of  the  o-N 
curve.  The  parameter  C  is  a  measure  of  the  extent  of  the  "flat" 
region  on  the  o-N  curve  at  high  applied  cyclic  stress  levels. 

The  probability  that  the  static  strength  is  higher  than  og  is 
given  by 

P(oe)  =  exp[-(oe/8)a]  (b) 

where  <*  and  a  are  the  Weibull  shape  and  scale  parameters, 
respectively.  The  implications  of  the  parameters  s  and  C  were 
discussed  in  detail  in  Reference  (37).  If  the  value  of  C  =  1 
in  equation  (a),  the  power  law  fatigue  failure  criterion  is 
obtained.  Thus, 

oe  =  oaC(or/oa)1/s  +  (n-I)]s  (0 
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The  reduction  of  experimental  data  and  the  calculations 
leading  to  the  determination  of  the  parameters  in  equations  (a) 
to  (c)  were  performed  using  a  computer  program  written  for  this 
purpose  (37).  The  numerical  results  are  shown  in  Appendix  B. 
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SECTION  V 


SPECIMEN  DESCRIPTION  AND  SELECTION 

The  material  combination  for  the  fabrication  of  specimens 
was  Thornel  300/Fiberite  934  with  a  stacking  sequence  of  (±45,  0,  90) 
Each  lamina  had  a  nominal  cured  thickness  of  0.005".  Specimens 
were  provided  with  tapered  tabs  of  glass/epoxy  or  glass-phenolic 
with  a  geometry  as  shown  in  Figure  1. 

The  fabricator  supplied  400  specimens  cut  from  13  different 
large  panels.  The  location  of  each  specimen  in  the  panel  X  is 
shown  below: 


X-l 

X-2 

X-3 

X-4 

X-5 

X-6 

X-7 

X-8 

X-9 

X-10 

X-ll 

X- 12 

X-l  3 

X-l  4 

X- 15 

X-16 

X-l  7 

X-18 

X-19 

X-20 

X-2 1 

X-22 

X-23 

X-24 

X-25 

X-26 

X-27 

X-28 

X-29 

X-30 

X-3 1 

X-32 

X-33 

Some  of  the  specimens  were  (apparently)  retained  by  the  fabrica¬ 
tor  to  comply  with  quality  assurance  specifications.  The  speci¬ 
mens  were  initially  selected  for  each  of  the  proposed  tests  using 
the  standard  randomization  techniques  and  table  of  random  digits. 
Approximately  50  -  70  specimens  were  used  in  each  of  the  four 
major  test  phases.  Every  data  point  was  generated  from  testing 
approximately  five  specimens.  Charts  of  panel  number  and  specimen 
number  within  the  panel  for  a  particular  test  phase  are  shown  in 
Tables  1  through  4.  As  testing  was  progrossing,  some  specimens 
were  found  to  be  warped  subsequent  to  receiving  them  from  the 
fabricator.  Such  specimens  were  replaced  with  others  using  the 
same  randomization  techniques  as  indicated  earlier. 
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TABLE  J, 


IMPACT  0ERGT  TEST 


Proposed  Test 
Condition  No. 


Specimens  tested  (X-N)  g  '  . 

[N  -  Specimen  Number] 


1 

4 

-  12,  7  -  17,  10  -  2! 

2 

4 

-  27,  7  -  5,  8  -  19, 

3 

1 

-  4,  2  -  24,  4  -  7,  ' 

4 

1 

-  24,  4  -  4,  7  -  13, 

5 

1 

-  10,  6  -  11,  8-24 

6 

1 

-  14,  4  -  18,  6-14 

7 

2 

-  6,  3  -  12,  9  -  8,  : 

8 

2 

-  19,  5  -  28,  7-32 

9 

1 

-  12,  3  -  4,  7  -  5,  « 

10 

1 

-  22,  3  -  26,  4  -  15 

11 

3 

-  7,  4  -  23,  5  -  5,  1 

12 

4 

-  10,  6  -  4,  8  -  22, 

13 

2 

-  25,  3  -  31,  6-17 

-  4,  13  -  8 
6,  13  -  2 


-  9,  13  -  32 
L  -  25,  12  -  15 

-  14,  13-7 
10  -  17,  11-27 

)  -  18,  11  -  13 
33,  13  -  30 
L  -  7,  13  -  26 
31,  8  -  3 

-  32,  13  -  25 
17,  10  -  33,  12  -  9 
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TABLE  2.  FATIGUE  TEST  WITHOUT  AN  IMPLANTED  FLAW 


Proposed  Test 
Condition  No. 

Specimen  Tested  (X-N)  ^  ” 

Panel  Number] 
Specimen  Number] 

1 

9  - 

13,  7  -  24,  11  -  19,  5 

-  9,  12  -  10 

2 

12 

-  18,  1  -  29,  9  -  4,  10 

-  31,  3  -  9 

3 

4  - 

16,  12  -  19,  10  -  24,  7  -  28,  6-13 

4 

3  - 

14,  7  -  19,  9  -  12,  5  - 

■  27,  10  -  32 

5 

9  - 

26,  7  -  7,  1  -  25,  3  - 

30,  13  -  10 

6 

2  - 

18,  10  -  25,  6  -  32,  7 

-  22,  9  -  19 

7 

11 

-  24,  5  -  29,  9  -  15,  12  -  28,  8  -  32 

8 

4  - 

32,  6  -  24,  13  -  5,  5  - 

-  10,  1  -  8 

9 

8  - 

2,  5  -  14,  2  -  33,  9  - 

27,  3-15 

10 

12 

-  21,  2  -  23,  6  -  5,  11 

-  28,  8  -  11 

11 

9 

-  30,  4  -  11,  8  -  13,  7 

-  10,  11  -  29 

12 

13 

-  16,  11  -  26,  3  -  5,  7 

-  16,  2  -  11 

13 

5  - 

■  23,  4  -  20,  10  -  22,  6 

-  20,  12  -  7 
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TABLE  3.  FATIGUE  TEST  WITH  AN  IMPLANTED  FLAW 


Proposed  Test 
Condition  No. 


_  .  _  .  .  /v  [X  -  Panel  Number] 

Specimen  Tested  (X-N)  [fJ  _  specimen  Number] 


1  4  -  17,  7  -  27,  6  -  9,  2  -  5,  13  -  24 

2  1  -  26,  3  -  25,  9  -  15,  6  -  21,  13  -  6 


3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 


3  -  29,  8  -  31,  10  -  20,  2  -  22,  1  -  2 

6  -  12,  5  -  15,  8  -  17,  2  -  20,  12  -  2 

7  -  12,  8  -  4,  12  -  8,  13  -  20,  4  -  22 

6  -  7,  3  -  27,  8  -  23,  11  -  22,  9  -  10 

10  -  2,  5  -  7,  12  -  5,  2  -  26,  9  -  21 

10  -  6,  13  -  27,  11  -  20,  3  -  8,  6  -  15 

7  -  15,  2  -  29,  12  -  14,  9  -  11,  11  -  10 

5  -  33,  9  -  6,  3  -  20,  2  -  17,  8  -  7 

1  -  32,  4  -  10,  13  -  19,  3  -  28,  11  -  10 

4  -  31,  1  -  3,  2  -  28,  11  -  21,  10  -  16 

9  -  17,  2  -  21,  11  -  10,  5  -  4,  3  -  17 
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TABLE  4.  FATIGUE /IMPACT  TESTS 


Proposed  Test 
Condition  No. 

MM*  <*-»,  jg-SJJSL] 

1 

12  - 

■  26, 

2  ■ 

■  8,  6  - 

■  2,  8  -  10,  13  -  31 

2 

9  - 

5,  1 

.  -  16,  6  - 

19,  3  -  10,  5  -  11 

3 

13  - 

-  9, 

9  - 

31,  6  - 

•  10,  2  -  7,  10  -  30 

4 

3  - 

28, 

10  - 

■  7,  8  - 

-  15,  6  -  8,  2  -  14 

5 

13  ■ 

-  15, 

1  - 

■  28,  3 

-  32,  .6  -  3,  8-8 

6 

6  - 

31, 

7  - 

8,  5  - 

13,  3  -  24,  10  -  11 

7 

5  - 

25, 

6  - 

30,  2  ■ 

.  2,  7  -  12,  10  -  9 

8 

9  - 

22, 

12  - 

-  16,  8 

-  29,  5  -  12,  3  -  17 

9 

13  • 

-  12, 

,  13 

-  3,  1 

-  32,  6  -  29,  8  -  6 

10 

6  - 

26, 

6  - 

27,  5  -  26,  6  -  28 

11 

13  ■ 

-  **, 

5  - 

6,  10  . 

-  27,  3  -  17,  6  -  33 

12 

1  - 

33, 

13  ■ 

-  13,  1 

-  9,  2  -  3,  5  -  2 

13 

9  - 

24, 

7  - 

3,  9  - 

20,  10  -  16,  13  -  14 
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SECTION  VI 

EXPERIMENTAL  ARRANGEMENT  AND  TEST  PROCEDURE 

The  tests  were  carried  out  using  a  closed-loop  hydraulic 
testing  machine  of  55  kips  loading  capacity.  The  grips  were 
hydraulical ly  operated.  The  testing  machine  has  provision  for 
three  modes  of  operation,  viz.,  load,  strair  and  stroke.  If  it 
is  desired,  the  mode  of  operation  can  be  changed  any  time  during 
the  operation.  There  are  four  ranges  in  which  each  mode  can  be 
operated,  viz.,  100%,  50%,  20%  and  10%.  Depending  upon  the 
maximum  expected  operating  value  of  load  or  stroke,  an  appropriate 
range  can  be  selected. 

A  brief  description  of  the  tests  performed  is  given  here. 

1.  Tensile  Strength  Test 

Static  ultimate  strength  and  strain  values  of  the  laminate 
were  determined  using  11  specimens.  The  dimensions  (thickness 
and  width)  of  each  of  the  selected  specimens  were  measured  at 
least  at  three  different  points  on  the  specimens.  Foil  type  strain 
gages  were  bonded,  back  to  back,  in  the  center  of  the  specimen 
to  measure  the  load-induced  axial  strains.  Standard  strain  gage 
bonding  techniques  were  used.  The  load  and  the  corresponding 
strains  were  recorded  using  an  x-y  plotter.  The  tension  test 
was  continued  until  failure  took  place.  The  tensile  load  was 
applied  at  a  rate  of  2%  strain  per  minute. 

2.  Impact  Test 

A  schematic  view  of  the  projectile  fir  ng  mechanism  is  shown 
in  Figure  2.  An  air  supply  line  is  connected  to  a  reservoir  through 
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a  butterfly  valve.  A  (gun)  barrel  connected  to  the  reservoir 
acts  as  a  smooth  guide  to  the  projectile.  Two  photo-diodes 
located  at  15.24  cm  (6  in.)  apart  at  the  other  end  of  the  barrel 
are  connected  to  an  electronic  counter.  As  the  projectile  travels 
through  the  barrel,  light  beams  emitted  by  the  photo-diodes  are 
interrupted.  An  electronic  counter  starts  when  the  first  light 
beam  is  interrupted  by  the  projectile  and  stops  when  the  second 
light  beam  is  interrupted.  Thus,  the  counter  records  the  time 
taken  by  the  projectile  to  travel  a  distance  of  15.24  cm  (6  in.) 
and  hence  the  average  forward  velocity  of  the  projectile  can  be 
determined.  A  solenoid  valve  is  used  to  release  the  compressed 
air  from  the  reservoir  which  in  turn  propels  the  projectile 
through  the  barrel.  The  projectile  is  an  aluminum  sphere  1.27  cm 
(0.5  in.)  in  diameter.  These  tests  were  conducted  to  determine 
the  failure  threshold  level  of  the  composite  laminate.  The 
specimens  were  subjected  to  different  pre-loads  in  tension  and 
were  then  impacted  by  the  projectile  at  different  velocities. 

Some  of  the  specimens  failed  catastrophically  upon  impact.  Those 
specimens  that  survived  the  impact  were  subjected  to  continued 
loading  until  failure  occurred  and  the  residual  strength  was 
found. 

3.  Fatigue  Tests  with  Unnotched  Specimens 

The  tension-tension  fatigue  tests  were  conducted  at  a  fre¬ 
quency  of  10  Hz  (haversine  function)  and  a  stress  ratio  (ratio 
of  minimum  stress  to  the  maximum  applied  stress  on  a  specimen) 
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of  0.1.  The  o-N  diagram  was  generated  by  using  fatigue  lives  at 
ten  different  stress  levels.  At  each  stress  level,  about  five 
specimens  were  tested  out  of  which  two  specimens  were  radiographed 
at  regular  intervals  -  after  a  predetermined  number  of  cycles  - 
for  damage  analyses  till  the  failure  of  the  specimen  or  completion 
of  106  cycles  took  place.  All  the  specimens  that  have  completed 
a  million  load  cycle  were  considered  as  runouts  and  were  tested 
for  their  residual  strength. 


Five  specimens  were  used  to  evaluate  the  static  ultimate 
tensile  strength  of  the  notched  laminate.  A  clean,  smooth  hole 
of  0.5  in.  diameter  (same  diameter  as  that  of  the  aluminum 
projectile  used)  was  drilled  in  the  geometric  center  of  each 
of  the  specimens.  Radiographs  of  the  specimens  after  drilling 
the  hole  were  taken  to  ensure  that  the  drilling-induced  damage 
around  the  hole  was  not  "abnormal." 

Two  strain  gages  (see  Fig.  1-c),  one  near  the  h  and  another 
near  the  tab,  were  bonded  on  each  side  of  the  specimen  using  M-Bond 
200  adhesive.  The  strain  gages  were  connected  to  the  x-y  recorders 
through  a  Wheatstone  bridge  and  an  amplifier  for  strain  measure¬ 
ments.  After  checking  for  the  continuity  of  the  circuits  and 
balancing,  the  specimen  was  held  between  the  hydraulic  grips. 

A  strain  rate  of  0.02  inch/inch/min.  was  adopted  using  the  stroke 
mode  of  operation.  The  specimen  was  loaced  using  the  ramp  func¬ 
tion  and  the  maximum  load  at  failure  observed  in  the  Random 
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Access  Memory  of  the  data  display  was  counterchecked  with  that 
recorded  by  the  x-y  recorders. 

The  fatigue  tests  on  the  notched  specimens  were  conducted 
under  the  same  conditions  as  those  of  the  unnotched  specimens. 

Some  of  these  tests  were  interrupted  after  attaining  a  predeter¬ 
mined  number  of  cycles  of  operation  for  the  purpose  of  document¬ 
ing  the  progressive  damage  that  may  be  taking  place  within  the 
specimens.  All  the  specimens  which  completed  10®  cycles  before 
failure  took  place  were  considered  as  runouts  and  were  tested 
for  their  residual  strength. 

5.  Fatigue/ Impact  Tests 

The  objective  in  these  tests,  as  indicated  earlier,  was  to 
study  the  behavior  of  the  composite  laminate  subjected  to  impact 
loads  followed  by  cyclic  loads  and  vice-versa.  The  cyclic  fre¬ 
quency  of  loading  and  the  stress  amplitude  ~atio  were  the  same 
as  before.  The  specimen  was  preloaded  statically  to  a  (maximum) 
stress  value  (with  R  =  0.1)  and  was  then  imoacted  at  a  predeter¬ 
mined  velocity.  If  it  had  survived  the  impact,  it  was  then  subjected 
to  cyclic  loading  until  fatigue  failure  too*  place.  On  the  other 
hand,  if  the  specimen  failed  upon  impact,  the  magnitude  of  the 
static  tensile  stress  was  reduced  and  the  process  was  repeated. 
Sometimes,  the  velocity  of  the  impacting  projectile  was  reduced 
while  maintaining  the  cyclic  stress  amplitude  the  same  as  before. 

In  the  fatigue-impact  tests,  the  specimen  was  subjected  to  a 
specified  number  of  fatigue  cycles  and  was  then  impacted  to 
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determine  the  minimum  velocity  which  can  cause  catastrophic 
failure  (failure  on  impact)  of  the  specimen.  At  any  one  stress 
amplitude  level  (with  R  =  0.1)  past  the  predetermined  number  of 
fatigue  cycles,  the  velocity  of  the  impacting  projectile  was 
either  increased  or  decreased  to  affect  a  catastrophic  failure. 

This  procedure  was  repeated  at  different  maximum  stress  levels 
(R  =  0.1)  and  fatigue  lives  in  establishing  the  minimum  projectile 
velocity  at  which  the  catastrophic  failure  in  the  laminate  takes 
place. 

6.  X-Ray  Radiography 

The  damage  resulting  from  the  applied  (impact/fatigue) 
loads  was  documented  using  photography  and  X-ray  radiography. 
Radiographs  of  the  specimens  were  taken  a',  regular  intervals 
using  Faxitron  X-ray  System.  The  film  used  was  Kodak  M-5  type 
which  was  cut  into  4  in.  x  5  in.  size  and  placed  on  a  lead  plate. 
The  specimen  was  placed  on  top  of  the  film  and  the  compartment 
door  was  closed.  A  distance  of  73  cms.  from  the  X-ray  source 
to  the  specimen  was  maintained.  After  setting  the  suitable  values 
of  the  X-ray  tube  voltage  and  the  exposure  time,  the  X-ray 
machine  was  switched  on.  A  combination  of  25  kV  tube  voltage 
and  45  secs,  exposure  time  was  found  to  give  satisfactory  results. 
The  Faxitron  X-ray  System  can  be  operated  either  in  manual  or  in  an 
auto  mode.  When  the  films  were  developed  in  the  darkroom,  they 
were  soaked  in  the  developer  solution  for  5  minutes,  then  for 
about  30  seconds  in  short-stop  and  then  for  90  seconds  in  fixer. 
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Then  they  were  washed  with  plenty  of  water  and  dried . 

The  penetrant  used  to  enhance  the  radiographs  is  a  solution 
of  60  gms  of  zinc  iodide,  8  ml  of  water,  10  ml  of  isopropyl 
alcohol  and  10  ml  of  photoflow.  The  penetrant  was  allowed  to 
soak  through  the  damaged  areas  of  the  laminate  for  about  30 
minutes.  The  excess  solution  was  removed  from  the  surfaces  of 
the  specimen  with  absorbent  towels  and  the  radiographs  were  then 
taken. 
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SECTION  VII 
EXPERIMENTAL  DATA 
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1 .  Tension  Tests 

The  experimental  data  from  the  tension  tests  are  shown  in 

Table  5.  Eleven  specimens  were  tested  in  generating  the  data 

as  shown.  The  average  numerical  values  are: 

Area  of  the  Cross-Section:  0.224  in 

Ultimate  Load,  Pu:  18.539  kips 

Ultimate  Strength,  ou:  82.763  ksi 

Ultimate  Strain,  cu:  0.011 

In-plane  (axial)  Modulus  of 

Elasticity,  E^:  7.524  msi 


The  tensile  stress  and  strain  values  of  the  notched  specimens 
are  shown  in  Table  6.  These  strain  values  (in  the  direction  of 
the  load)  were  measured  near  (see  Fig.  1-c)  the  hole  and  slightly  away 
from  the  end  tabs.  The  modulus  of  elasticity  values  shown  in  Table 
6  are  based  on  the  far-field  (near  the  tabs)  stress-strain  values. 
Using  this  modulus  and  the  measured  strain  value  near  the  hole 
(in  the  direction  of  the  load),  the  maximum  stress  in  the  vicinity 
of  the  hole  was  calculated.  The  ratio  of  the  maximum  stress 
near  the  hole  to  the  far-field  stress  value  was  found  to  be 
about  1.4  (stress  concentration  factor). 

2.  Impact  Tests 

The  projectile  impact  test  data  shown  in  Table  7  was 
obtained  by  varying  the  magnitude  o^  the  preload  and  the  pro¬ 
jectile  impact  energy.  The  failure  threshold  curve  shown  in 

Fig.  6  was  developed  using  this  data.  The  energy  of  impact  as 
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TABLE  5:  ULTIMATE  STRESS- STRAIN  DATA 

Material:  T300/934 

Laminate  Orientation:  ( +_45 , 0 , 90  )2s 

Specimen  Size:  3"  x  107r  x  16  plies  (with  tapered  tabs) 


Specimen 
No . 

Area  of 
Cross-Sect . 
in^ 

m2(l0-4) 

Ultimate 
Load  (Pu) 
kips  /kN 

Ultimate 
Strength 
(au) 
ksi /MPa 

Ultimate 

Strain 

1  eu) 

Modulus 

of 

Elasticity 

(E) 

msi  /GPa 

12-11 

0.223 

17.69 

77.96 

0.012 

6 . 61 

1.439 

78.69 

537.56 

45.58 

12-33 

0.223 

18.88 

83.21 

0.009 

8.95 

1.439 

83.98 

573. 71 

61.72 

12-27 

0.223 

21.14 

93.17 

0.014 

6.85 

1.439 

94.03 

642.38 

47.23 

10-23 

0.223 

18.00 

80.03 

0.010 

7.75 

1.439 

80.06 

551.75 

53.44 

11-05 

0.228 

16 . 66 

73.04 

0.010 

7.61 

1.471 

74.10 

503. 58 

52.49 

13-08 

0.222 

19.50 

87.70 

0.011 

7.82 

1.432 

86.74 

604.64 

53.92 

7-26 

0.225 

17.91 

79.50 

0.011 

7.  51 

1.452 

79.66 

548.14 

51.76 

9-30 

0.235 

16.88 

71.84 

0.010 

7.26 

1.516 

75.06 

495.31 

50.03 

12-10 

0.225 

19.75 

94.05 

0.011 

8.20 

1.452 

87.85 

648.44 

56.51 

7-24 

0.221 

20.40 

92.27 

0.012 

7.89 

1.426 

90.  "4 

636.15 

54.37 

5-09 

C .  22  3 

17.13 

76.69 

0.010 

7.99 

1.4  39 

76.17 

528.77 

55.08 

7-31* 

0.218 

8.36 

38.42 

_ 

1.407 

37.19 

264.89 

•Specimen  with  clean  hole 
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shown  in  Table  7,  Column  4,  is  based  on  the  forward  velocity  of 
the  impacting  projectile. 

3.  Fatigue  Tests  (Without  Notch) 

The  tension-tension  fatigue  test  data  are  given  in  Table 
8.  With  the  magnitude  of  the  static  ultimate  strength  of 
the  laminate  in  the  background,  the  magnituces  of  applied 
loads  fainimum/maximum)  for  each  of  the  specimens  tested  were 
selected  to  maintain  a  stress  ratio  of  R  =  C.l  at  10  Hz.  As 
indicated  earlier,  about  four  to  five  test  specimens  were  used 
per  test  condition.  Those  specimens  that  did  not  fail  under 
tension-tension  cyclic  fatigue  conditions  after  seeing  one  million 
cycles  were  tested  to  determine  their  residual  strengths. 

4.  Fatigue  Tests  (With  Notch) 

The  determination  of  residual  strength  of  the  specimens 
after  undergoing  a  certain  number  of  fatigue  cycles  was  the 
objective  of  these  tests.  A  total  number  of  38  specimens  were 
tested  at  different  stress  levels  and  the  results  are  given  in 
Table  9.  The  variation  of  residual  stress  with  the  number  of 
cycles  was  also  studied. 

5.  Fatigue/ Impact  Tests  (Without  Notch) 

The  impact-fatigue  tests  were  conducted  with  35  specimens 
to  determine  the  number  of  fatigue  cycles  a  specimen  can  undergo 
after  being  impacted  at  a  particular  velocity  and  at  a  particular 
stress  level.  These  results  are  given  in  Table  10.  Three  parti¬ 
cular  data  points  of  these  tests  were  chosen  and  the  effect  of 
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failure  took  place. 


reversing  the  sequence  of  the  test  (that  is,  cycle/impact/cycle) 
on  the  strength  of  the  specimen  was  studied.  The  data  pertaining 
to  this  reversed  sequence  of  testing  is  shown  on  the  last  page 
of  Table  10. 

Some  of  the  specimens  were  first  subjected  to  cyclic 
loading  and  were  then  impacted  with  the  projectile  to  determine 
the  minimum  projectile  velocity  (energy)  precipitating  a  catas¬ 
trophic  failure  of  the  laminate.  Three  different  values  of 
the  number  of  cycles  and  two- different  stress  levels  were  chosen 
from  the  knowledge  of  previous  impact-fatigue  test  results 
(Table  101  A  total  of  22  specimens  were  tested  and  the  results 
are  shown  in  Table  H- 
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TABLE  11:  FATIGUE/ IMPACT  TEST  DATA 
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TABLE  II  (Continued) 
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SECTION  VIII 


RESULTS  AND  ANALYSES 


1 .  Static  Tension  Tests 

The  experimental  data  pertaining  to  the  evaluation  of  the  static 
ultimate  strength  of  the  unnotched  and  notched  laminates  are  shown  in 
Tables  5  and  6,  respectively.  From  this  data,  it  may  be  seen  that  the 
scatter  in  the  static  strength  values  is  not  significant.  The 
static  strength  and  the  corresponding  strain  for  the  unnotched  lamin¬ 
ate  were  found  to  be  82.76  ksi  and  0.011,  respectively.  The  far-field 
(closer  to  the  end  tabs)  ultimate  stress  and  strain  values  for  the 
notched  laminate  were  38.14  ksi  and  0.443  x  10  ,  respectively.  The  stress 

(calculated)  and  the  strain  (measured)  values  for  the  notched  laminate 

near  the  hole  in  the  direction  of  the  load  were  found  to  be  54.37  ksi 
2 

and  0.632  x  10  ,  respectively.  The  average  static  strength  values  were  used 

in  selecting  the  stress  amplitude  ratio  (with  R  =  0.1,  10  Hz)  for  the 
fatigue  tests.  Three  typical  photographs  of  the  laminates  (unnotched 
and  notched)  failed  under  static  tensile  forces  are  shown  in  Figures 
3,  4  and  5. 

2.  Impact  Tests 

Impact  tests  were  conducted  on  (±45,  0,  90)2s  graphite/epoxy 
materials  to  understand  the  extent  of  damage  and  the  resulting  behavior 
of  the  laminates.  The  experimental  data  (Table  7)  is  plotted  as  shown 
in  Figures  6  and  7.  Figure  6  is  a  plot  of  the  applied  static  tensile 
stress  vs.  the  energy  of  the  impacting  projectile  whereas  Figure  7 
shows  normalized  stress  values  plotted  as  a  function  c:  the  impact  energy. 
Typically,  the  data  points  shown  in  the  above  two  figu-es  refer  to  the 


[ 


Figure  3.  Front  and  rear  views  of  a  failed  specimen  12-27,  graphite/epoxy  composite  tested  for  its 
static  strength  at  a  strain  rate  of  0.02/min. 


views  of  a  failed  specimen  12-33,  graphite/epoxy  composite 
at  a  strain  rate  of  0.02/min. 


Figure  5.  Typical  failure  of  a  notched  specimen, 
No.  1-26;  tested  for  ultimate  stress/ 
strain  values.  Note  the  location  of  the 
strain  gages  (two  pairs,  back-to-back). 
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Pre-Stress 
Catastrophic  Fa 
Residual  Stress 
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Figure  6.  Graph ite/Epoxy  Composite,  (±45,0,90)2s.  Loaded  in  Tension; 
Tensile  Stress  Versus  Kinetic  Energy  of  Projectile 


prestress  (this  is  the  load  applied  to  the  specimer  prior  to  impact  - 
shown  as  an  open  circle),  the  catastrophic  failure  stress  (this  is  the 
stress  at  which  the  specimen  failed  upon  impact  shown  as  solid  circle), 
and  the  residual  stress  (this  is  the  post-impact  strength  of  the 
laminate  that  survived  the  projectile  impact  -  shown  as  an  open  circle 
with  a  slash).  For  the  purpose  of  comparison,  the  static  ultimate 
strengths  of  the  laminate,  with  and  without  hole,  are  also  shown  as 
broken  horizontal  lines  in  Figures  6  and  7.  The  solid  curve  shown  is 
a  faired  curve  drawn  through  appropriate  test  data  points  and  is  desig¬ 
nated  as  a  failure  threshold  curve  for  the  laminate  under  considera¬ 
tion.  In  general,  the  failure  threshold  curve  may  be  considered  to 
form  the  boundary  of  the  survival  and  the  failure  ’-egions  of  the 
laminate  subjected  to  impact.  The  percentage  reduction  in  the  strength 
of  the  laminate  subjected  to  the  projectile  impact  is  shown  in  Figure  7. 
The  data  from  this  graph  may  be  used  to  assess  the  residual  strength 
of  the  laminate  at  various  impact  energy  levels.  Some  typical  patterns 
of  laminate  failures  under  impact  loads  are  shown  in  Figures  8  through 
15.  By  comparing  these  failure  patterns  with  those  shown  in  Figures 
3  and  4,  it  may  be  noted  that  there  is  more  extensive  damage  near  the 
impact  zone  due  to  the  projectile  impact  than  that  caused  in  the  laminate 
due  to  failure  under  ultimate  load.  From  Figure  6,  it  may  be  seen  that 
the  variation  in  the  impact  energy  is  small  to  cause  catastrophic  failure 
between  stress  levels  from  200  MPa  to  580  MPa.  The  slope  of  the  failure 
threshold  curve  varies  rapidly  up  to  about  5  Joules  and  then  tends  to 
remain  essentially  constant  with  increasing  impact  energy  of  the 
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Figure  8.  Front  and  rear  views  of  a  catastrophically  failed  specimen  at  an  impact  velocity  of 
85  ft/sec.  with  a  preload  of  14000  lbs. 


Figure  9.  Front  and  rear  views  of  a  failed  specimen  impacted  at  a  velocity  of  110  ft 
preload  of  8160  lbs  and  stretched  to  failure  at  a  strain  rate  of  0.02/min. 
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Figure  10.  Front  and  rear  views  of  a  specimen  impacted  at  a  velocity  of  226  ft/sec.  with  a  preload 
of  6600  lbs  and  then  stretched  to  failure  at  a  strain  rate  of  0.02/min. 


Figure  12.  Front  and  rear  views  of  a  specimen  impacted  at  a  velocity  of  226  ft /sec.  with  a  preload 
of  6600  lbs.  and  stretched  to  failure  at  a  strain  rate  of  0.02/min. 


Figure  13*  Front  and  rear  views  of  a  catastrophically  failed  specimen  when  impacted  at  a  velocity 
of  335  ft/sec.  with  a  preload  of  6860  lbs. 
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rear  views  of  a  specimen  impacted  at  a  velocity  of  71  ft/sec.  with  a  preload 
s.  and  stretched  to  failure  at  a  strain  rate  of  0.02/min. 


Front  and  rear  views  of  a  catastrophically  failed  specimen 
with  a  preload  of  6220  lbs. 


projectile.  In  other  words,  the  strength  of  the  laminate  degrades 
rapidly  at  higher  preloads  and  lower  impact  energy.  As  the  applied 
load  is  decreased  while  the  energy  of  impact  is  increased,  the  failure 
threshold  curve  exhibits  asymptotic  behavior  with  respect  to  the  energy 
axis.  It  may  also  be  noted  that  the  failure  threshold  curve  is  below 
the  horizontal  line  representing  the  laminate  strength  with  a  clean 
hole.  Such  an  observation  should  not  be  surprising  since  the  projec¬ 
tile  causes  more  damage  to  the  laminate  during  and  immediately  after 
the  penetration  takes  place  than  in  a  laminate  with  an  implanted  clean 
notch  (hole).  If  the  projectile  could  penetrate  the  laminate  and  pro¬ 
duce  literally  a  clean  hole  in  it,  then  the  failure  threshold  curve 
should  coincide  with  the  horizontal  line  representing  the  notched  strength 
at  higher  energy  levels. 

Recently,  an  analytical  model  (44)  was  developed  to  predict  the 
residual  strength  of  the  impact  -  damaged  laminates.  The  validity  of 
the  model  was  verified  experimentally  and  the  comparison  was  found  to 
be  good.  The  data  obtained  from  the  present  imoact  strength  tests  were 
tested  with  the  above  model.  The  details  of  the  above  model  are  shown 
in  Appendix  A.  In  order  to  use  the  above  model  for  the  present  case, 
the  rebound  velocities  need  to  be  known.  Since  such  an  attempt  (namely, 
measuring  the  rebound  velocities)  was  not  a  part  of  the  study,  it  was 
decided  to  approximate  the  rebound  velocities  for  the  purpose  of  this 
phase  of  the  analysis.  A  faired  graph,  shown  in  Figure  16,  from 
Reference  (44)  is  reproduced  here.  Although  the  laminates  tested  in 
Reference  (44)  and  the  present  study  are  different,  one  may  note  from 
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Figure  16 .  Forward  Velocity  vs  Rebound  Velocity 


Figure  16  that  the  magnitude  of  the  rebound  velocity  is  less  than 
about  10%  of  the  forward  velocity.  Consequently,  the  rebound  velocities 
shown  in  Table  12  are  assumed  values.  For  the  purpose  of  calculating 
the  theoretical  values  using  the  above  model,  the  error  introduced 
through  the  assumed  rebound  velocities  was  considered  to  be  small. 

With  the  help  of  the  model  and  knowing  the  ultimate  strength  of  the 
specimen  and  the  energy  imparted  per  unit  thickness  of  the  specimen, 
one  can  calculate  the  residual  strength  of  the  impact -damaged  specimen. 
Figure  17  shows  the  theoretical  and  the  experimental  (faired)  results 
plotted  with  or/°0  a$  a  function  of  impact  energy/unit  thickness.  It 
may  be  observed  from  Figure  17  (and  Table  13)  that  beyond  an  impact 
energy  of  375  in- lb/ in,  the  error  involved  between  the  two  graphs  is 
less  than  10%. 

3.  Fatigue  Tests  With  Unnotched  Specimens 

The  experimental  data  is  given  in  Table  8.  The  specimens  were 
tested  at  eight  test  conditions  (eight  applied  stress  levels  with 
R  =  0.1  and  a  loading  frequency  of  10  Hz).  The  resulting  data  re¬ 
lating  the  applied  cyclic  stress  with  the  logarithm  of  N,  where  N 
is  the  number  of  cycles,  are  plotted  as  shown  in  -igure  18.  The 
solid  curve  in  Figure  18  is  a  theoretical  curve  d~awn  using  a  wear- 
out  model  developed  by  Sendeckyj  (37).  The  details  of  the  wearout 
model  are  given  briefly  in  Appendix  B.  It  may  be  noted  from  Figure  18 
that  there  is  a  reasonably  good  correlation  between  the  theoretically 
predicted  values  and  the  experimental  results.  Based  on  this  obser¬ 
vation,  the  fatigue  life  of  the  laminate  under  coisideration  may  be 
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TABLE  13.  PERCENTAGE  OF  ERROR  INVOLVED  IN  THEORETICAL  AND 
EXPERIMENTAL  VALUES* 


SI. 

No. 

W 

(Net  Energy) 

V°o 

(Exp.) 

V°o 

(Theo.) 

Percentage 

Error 

1 

100 

0.70 

0.477 

31.8 

2 

300 

0.48 

0.446 

7.1 

3 

500 

0.39 

0.420 

7.1 

4 

700 

0.36 

0.398 

9.5 

5 

900 

0.35 

0.379 

7.7 

6 

1100 

0.340 

0.348 

2.3 

7 

1300 

0.340 

0.348 

2.3 

8 

1500 

0.34 

0.336 

1.2 

9 

1700 

0.337 

0.324 

3.9 

10 

1900 

0.336 

6.314 

6.5 

*The  values  in  the  above  table  were  generated  by  reading  off  of  the 
(faired)  theoretical  and  experimental  graphs  shown  in  Figure  17. 


85 


LOG  NUMBER  OF  CYCLES 

Figure  18.  Tens  ion- Tens ion  Fatigue  Test  with  R  =  0.1  and  Frequency  of  10Hz;  Graphite/Epoxy 
Composite  (±45,0,90)2s;  Maximum  Stress  Versus  Fatigue  Life.  Residual  Strength 

Values  Shown  on  the  Graph  are  Average  Values. 


predicted  without  conducting  extensive  tests.  However,  it  should  be 
noted  that  the  fatigue  life  prediction  for  laminates  should  take  into 
consideration  several  test  parameters  such  as  the  frequency  of  loading, 
stacking  sequences,  etc.,  that  are  known  to  influence  the  fatigue  life. 

The  fatigue  life  of  the  laminate  tested  was  found  to  be  more  than  a 
million  cycles,  as  shown  in  Figure  18  at  an  applied  stress  level  equal 
to  or  less  than  about  54  ksi.  This  value  is  about  65%  of  the  static 
ultimate  strength. 

Most  of  the  tests  conducted  at  or  below  an  applied  stress  level 
of  54  ksi  were  terminated  after  reaching  one  million  cycles  and  then 
loaded  statically  to  determine  the  residual  strength.  The  average  values 
of  the  residual  strength  of  the  laminates  tested  at  each  applied  stress 
level  are  also  shown  in  Figure  18.  At  least  four  specimens  were  tested 
at  each  test  condition  in  the  determination  of  the  average  residual  strength. 
If  one  assumes  a  stress  under  fatigue  loading  at  about  46%  of  the  static 
ultimate  strength,  then  the  design  or  working  strength  for  this  laminate 
is  about  40  ksi.  With  this  value  in  the  background,  one  may  observe  from 
Figure  18  that  the  residual  strength  of  the  laminate  at  an  applied  stress 
level  of  40  ksi  is  about  80  ksi,  a  value  close  to  the  static  ultimate 
strength  of  82.76  ksi,  after  a  million  cycles.  In  other  words,  it  may 
be  stated  that  this  laminate  would  not  degrade  in  its  strength  after 
experiencing  a  million  cycles  of  fatigue  loads  at  a  design  stress  level 
of  40  ksi.  It  may  also  be  observed  from  Figure  18  that  the  residual 
strength  of  the  laminate  increases  with  a  decrease  in  the  applied  stress 
level  at  one  million  cycles. 


For  the  purpose  of  comparison,  theoretical  values  were  also  gener¬ 
ated  using  a  power  law  model  (37).  The  theoretical  values  from  the 
power  law  and  the  wearout  models  (Appendix  6)  as  well  as  the  test  data 
are  plotted  as  shown  in  Figure  19.  From  the  o-N  plot  shown  in  Figure  19, 
it  appears  that  both  the  models  can  predict  the  fatigue  lives.  The  o-N 
curve  of  the  wearout  model  is  flat  at  higher  applied  stresses.  The  power 
law  model  shows  a  nonlinear  behavior.  The  degree  of  flatness  of  the  o-N 
curve  in  the  wearout  model  depends  upon  the  value  of  the  slope  parameter 
(37).  As  the  value  of  the  slope  parameter  approaches  zero,  the  size  of 
the  flat  region  increases.  The  experimental  data  and  the  theoretical 
values  obtained  from  using  the  wearout  model  are  plotted  in  a  log-log 
space  as  shown  in  Figure  20.  This  plot  shows  a  good  correlation  between 
the  experimental  and  the  theoretical  data.  Using  the  wearout  and  the 
power  law  models,  the  probability  of  survival  vs.  equivalent  static  strength 
curves  are  drawn  as  shown  in  Figures  21  and  22.  A  brief  explanation  to 
calculate  the  data  points  is  given  on  p.  129.  By  comparing  these  graphs, 
it  appears  that  the  wearout  model  has  less  tendency  to  segregate  the  same 
stress-level-points  which  is  a  sign  of  even  statistical  distribution  (37). 

One  of  the  objectives  of  the  proposed  work  was  to  study  the  pro¬ 
gressive  damage  propagation  in  the  laminate  due  to  fatigue  loads.  In 
order  to  observe  the  damage  propagation,  a  non-destructive  technique 
using  X-ray  radiography  was  used.  This  technique  is  known  to  be  helpful 
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Figure  19.  Tension-Tension  Fatigue  Test  with  R  =  0.1  and  a  Frequency  of  10Hz. 

Maximum  Stress  Versus  Log  Number  of  Cycles.  Residual  Strength  Values 
Shown  on  the  Graph  are  Average  Values. 
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EQUIVALENT  STATIC  STI 

Figure  21.  Probability  of  Survival  for  the  Equivalent  Si 
to  Tension-Tension  Fatigue  Data,  (±45,  0,  90, 
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in  documenting  the  fiber  fracture,  matrix  failure  and  delaminations. 
Though  the  usage  of  TBE  ( Tetrabromoethane )  is  successful  in  enhancing 
the  X-ray  radiographs,  its  usage  is  restricted  because  of  its  toxic 
nature  as  well  as  an  elaborate  set-up  requirement.  Further,  it 
appears  to  have  an  affinity  to  plasticize  the  epoxy  (45).  Because  of 
these  reasons,  a  zinc  iodide  solution  has  been  used  in  enhancing  the 
X-ray  radiographs.  The  zinc  iodide  solution  is  not  only  cheaper  but 
also  is  easier  to  handle. 

The  progressive  damage  documentations  as  shown  in  Figures  23 
through  45  are  considered  to  be  typical  of  the  numerous  tests  conducted 
under  cyclical  fatigue  loads.  It  may  be  recalled  that  the  laminate 
has  a  (±45,  0,  90)2s  orientation  and  stacking  sequence.  In  general, 
the  weaker  90°  plies  will  fracture  first  and  the  load  is  transferred 
through  the  matrix  to  the  other  surviving  fibers  in  the  laminate.  The 
±45°  fibers  are  expected  to  fail  next  with  an  increase  in  the  applied 
loads.  Eventually,  the  composite  will  fail  as  the  applied  stress 
exceeds  the  combined  resistive  stress  of  the  0°  fibers.  Initial  fracture 
location  in  the  90°  fibers  appears  to  play  a  dominant  role  in  the  de¬ 
lamination  process.  This  effect  may  be  seen  on  a  close  observation  of 
Figures  29  through  34.  As  the  fatigue  life  increases,  the  extent  of 
delaminations  on  both  the  free  edges  will  be  identical.  Effect  of  the 
applied  stresses  on  the  fatigue  failure  at  a  particular  fatigue  life 
can  be  analyzed.  Similarly,  for  a  given  stress  level,  fiber  fracture 
and  matrix  failure  at  various  fatigue  lives  can  >e  analyzed.  With  this 
in  the  background,  the  radiographs  at  34  ksi,  54  ksi,  64  ksi  and  67  ksi 
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X-RAY  RADIOGRAPH  OF  SPECIMEN  NUMBER  5-10 


Figure  41 

o  =  63.74  ksi,  R  =  0.1 
N  =  120,000  cycles 
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X-RAY  RADIOGRAPHS  OF  SPECIMEN  NUMBER  6-5 


5,000  cycles 


are  considered  and  they  are  shown  in  Figures  23  through  45.  If  the 
damage  gets  initiated  on  the  left  edge  of  the  imaginary  central  vertical 
line  (while  facing  the  laminate  plane),  the  tendency  of  the  plies  to 
delaminate  on  that  side  will  be  more  compared  to  the  other  side. 

Oamage  analysis  of  the  specimen  No.  10-26  shown  in  Figures 
29  through  34  reveals  the  following: 

Figure  No.: 

29  Radiograph  of  a  typical  virgin  specimen. 

30  Radiograph  after  completion  of  200K  cycles.  Matrix  cracking 
in  both  the  90°  and  ±45°  plies  may  be  seen.  Delaminations  at 
the  free  edges  of  the  laminate  may  also  be  observed. 


31  Radiograph  taken  after  400K  cycles.  Matrix  cracking  has  in¬ 
creased  considerably  in  the  ±45°  plies  and  celamination  at 
the  free  edges  appears  to  be  identical  in  shape. 

32  This  radiograph  shows  the  spreading  of  matrix  cracking  in  ±45° 
plies  after  600K  cycles.  (The  white  shaded  area  seen  on  the 
positive  is  due  to  a  black  spot  formation  in  developing  process, 
reason  unknown). 

33  This  radiograph  shows  the  appearance  of  damage  after  800K  cycles. 
The  matrix  cracking  in  the  ±45°  plies  is  widespread  and  distinct. 

34  This  view  shows  the  damage  after  1000K  cycles.  About  80%  of  the 
±45°  ply  area  appears  to  have  extensive  matrix  cracking. 

The  radiographic  technique  as  presented  here  needs  to  be  improved 

further.  One  of  the  ways  of  improving  the  quality  of  the  radiographs 

may  be  to  apply  the  penetrant  to  the  specimen  while  it  is  under  a  small 

load  (to  open  the  cracks,  delaminations,  etc.,  further).  This  technique, 

however,  was  not  utilized  in  the  present  work. 

4.  Fatigue  Tests  With  Notched  Specimens 

The  results  of  the  fatigue  tests  (Table  9)  on  specimens  with  a 
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centrally  drilled  hole  show  the  effect  of  the  applied  stress  and  the 
number  of  fatigue  cycles  on  the  fatigue  life  of  the  specimen.  These 
results  are  plotted  as  shown  in  Figure  46.  This  graph  of  the  applied 
stress  against  the  number  of  cycles  reveals  that  the  degradation  of  the 
fatigue  lives  due  to  fatigue  loading  is  negligibly  small  up  to  a  million 
cycles.  The  residual  strength  of  the  laminate  is  higher  than  the  static 
ultimate  strength  of  the  notched  laminate  after  a  million  cycles.  From 
the  three  different  load  levels  chosen  for  these  tests,  it  is  seen  that 
the  residual  stress  of  the  specimen  after  106  cycles  increases  with  the 
increase  of  the  applied  stress.  For  example,  the  average  residual  stress 
at  an  applied  stress  of  20.36  ksi  is  40.81  ksi  whereas  that  corresponding 

to  an  applied  stress  of  36  ksi  is  47.85  ksi. 

Some  tests  were  performed  to  study  the  variation  of  the  residual 
strength  of  the  specimen  with  the  number  of  fatigue  cycles.  The 
specimens  were  tested  for  their  residual  strength  after  each  200,000 
cycles  at  three  different  applied  stress  levels.  From  the  resulting 
experimental  data  obtained,  it  is  seen  that  the  variation  of  residual 
strength  with  the  number  of  cycles  is  not  significant.  In  other  words, 
the  degradation  in  strength  of  the  specimen  with  the  number  of  fatigue 

cycles,  for  a  particular  value  of  applied  stress  and  within  106  cycles, 

is  insignificantly  small.  These  results  are  also  shown  in  Fig.  46. 

Radiographs  of  the  specimens  were  taken  at  every  200,000  cycles 
to  study  the  damage  propagation  in  the  material.  In  the  radiographs  of 
specimen  No.  10-2,  Figures  47(a)  through  47(f),  the  failure  of  ±45° 
plies  around  the  hole  may  be  seen.  The  area  of  carnage  can  be  seen  to 
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Figure  46.  Stress  amplitude  Vs  Fatigue  Life 
of  notched  Laminate 


itress 


increase  as  the  number  of  fatigue  cycles  increase.  The  delamination 
of  90°  plies  may  also  be  seen  along  the  edges  of  the  specimen.  In  the 
radiographs  of  specimen  No.  5-15,  Figures  48(a)  through  48(f),  the  grad¬ 
ual  increase  of  the  fiber  fracture  of  +45°  plies  near  the  tabs,  the 
delamination  of  90°  plies  along  the  edges  and  the  fracture  of  +45° 
plies  around  the  hole  may  be  seen. 

E.  Fatigue- Impact  Tests 

These  tests  were  conducted  in  two  ways:  (a)  the  specimens  were 
subjected  to  impact  first  followed  by  the  fatigue  cycling,  and  (b)  the 
above  sequence  was  reversed. 

(a)  Impact/Fatigue  Tests 

The  objective  of  these  tests  was  to  find  the  effect  of  impact 
on  the  fatigue  life  of  the  specimens.  The  graphical  representation  of 
the  resulting  experimental  data  was  expected  to  lie  between  the  o-N  curve 
(Figure  46)  corresponding  to  specimen  with  a  clean  hole  (velocity  =  •) 
and  the  curve  (Figure  18)  corresponding  to  specimen  subjected  to  fatigue 
loads  alone  (velocity  =  0).  Hence,  the  values  of  the  applied  stress  and 
the  impact  velocity  were  chosen  accordingly  and  the  number  of  cycles  the 
specimen  could  undergo  after  the  impact  was  determined.  In  cases  where 
the  specimen  survived  a  million  fatigue  cycles  after  impact,  the  test 
was  stopped  and  the  specimen  was  tested  for  its  residual  strength.  The 
experimental  data  shown  in  Table  X  is  plotted  in  Figure  49.  This  graph 
shows  that  most  of  the  data  points  from  the  Impact/Fatigue  tests  do 
indeed  lie  in  the  region  bounded  by  the  notched  and  the  unnotched  o-N 


curves. 


As  an  extension  of  the  above  loading  sequence  (impact/cycle) . 
it  was  decided  to  study  the  behavior  of  the  laminate  with  reversed 
sequence  of  loading  (cycle/impact/cycle,  if  necessary).  Consequently, 
three  combinations  of  the  applied  stress  and  velocity  of  impact  values 
were  selected.  The  specimen  was  first  subjected  to  a  predetermined 
number  of  fatigue  cycles  at  which  another  specimen  failed  in  a  pre¬ 
vious  test.  It  was  then  impacted  and  the  cyclic  loading  was  continued 
if  it  did  not  fail  on  impact.  Altogether  three  tests  were  conducted. 

It  was  found  that  the  fatigue  life  is  longer  when  the  specimen  is 
first  subjected  to  cyclic  loading  and  then  impacted, 
b.  Fatigue/ Impact  Tests 

These  tests  were  conducted  to  determine  the  minimum  velocity 
of  impact  which  can  cause  catastrophic  failure  in  a  specimen  at  a 
particular  applied  stress  level  and  after  a  particular  number  of  fatigue 
cycles.  Two  stress  levels,  viz.,  46  ksi  (56%  of  ou)  and  61  ksi  (74%  of  au) 
and  three  different  number  of  cycles,  viz.,  I04,  10®  and  10®  up  to 
which  the  specimen  will  be  cyclic  loaded  were  selected.  On  the  average, 
about  7  specimens  were  tested  for  each  test  condition.  Higher  impact 
velocity  was  selected  initially  and  then  the  velocity  was  gradually 
reduced  to  find  the  minimum  velocity  which  could  cause  catastrophic 
failure  of  the  specimen.  The  numerical  results  are  shown  in  Table  11. 

The  data  points  are  plotted  as  shown  in  Figure  49. 


The  numerical  values  of  the  average  minimum  velocities  are  shown 


below: 


Applied  Stress  No.  of  Cycles  Ave.  Min.  Velocit 

(ksi)  (N)  (ft/sec) 

46  105  127 

46  106  128 

61  104  98.2 
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SECTION  IX 


CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  experimental  work  performed  using  a  graphite/epoxy 
composite  material  system  with  an  orientation  and  a  stacking  sequence 
of  (±45,  0,  90)2S.  the  conclusions  may  be  drawn. 

1.  The  residual  strength  of  the  impact-damaged  laminates  can  be 
predicted  using  an  analytical  model.  The  correlation  between 
the  experimental  and  the  analytical  results  was  found  to  be 
good.  Extensive  experimental  data  is  not  necessary  to  use  the 
analytical  model. 

2.  Both  the  power  law  and  the  wearout  models  appear  to  be  useful 
in  predicting  the  fatigue  life  of  the  composite  laminates. 
However,  because  of  the  slope  parameter,  the  wearout  model 
appears  to  have  a  slight  edge  over  the  power  law  model, 
particularly  at  low  fatigue  life  and  higher  applied  stress. 

The  analytical  and  the  experimental  results  were  found  to 
correlate  well. 

3.  The  strength  degradation  due  to  cyclic  loading  in  notched 
laminates  was  found  to  be  extremely  small  up  to  a  million 
cycles.  The  residual  strength  of  the  fatigue-damaged  laminates 
was  found  to  increase  (in  proportion  to  the  applied  maximum 
stress  with  R  *  0.1)  after  a  million  fatigue  cycles. 

4.  Impact  loading  followed  by  cyclic  loading  was  found  to  be 
more  damaging  (in  reducing  the  life  of  the  laminate)  than  the 
reversed  sequence  of  loading. 
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5. 


The  magnitude  of  the  minimum  projectile  velocity  causing 
catastrophic  failure  in  the  laminates  tested  was  found  as 
a  function  of  the  applied  stress  and  the  number  of  fatigue 
cycles. 

6.  The  techniques  used  to  document  the  damage  in  the  impact-  and 
fatigue-damaged  specimens  need  further  refinement. 

7.  The  technique  used  to  propel  the  projectile  at  a  predetermined 
velocity  needs  further  improvement. 

8.  The  development  of  an  analytical  model  is  recommended  to 
predict  the  minimum  impact  energy  precipitating  in  a 
catastrophic  failure  of  the  composite  materials  subjected 
to  cyclical  loads. 
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APPENDIX  A 


IMPACT  MODEL 

In  order  to  predict  the  residual  strength  of  the  impact -damaged 
laminates,  the  values  of  2K  and  WQ  appearing  in  equation  (e),  p.  15 
are  to  be  evaluated  using  some  of  the  experimental  results.  The 
equation  (e), 

( or/°0 >  »  C2K(W-Wq)  +  l]'14 

may  be  re-written  as 
y  =  ax  +  b 

where  , 

y  =  (o0/or)2 

x  *  W 

a  =  2K 

b  -  (1  -  2K  WQ) 

By  performing  a  few  experiments  with  specimens  subjected  to  impact 
at  different  velocities,  the  experimental  values  of  the  residual  strength, 
ar,  can  be  found.  The  stress  ratio,  or/°u»  was  plotted  as  a  function 
of  the  kinetic  energy/unit  laminate  thickness  of  the  projectile  impact 
(forward  velocity  only)  as  shown  in  Figure  17.  The  notation  used,  aQ 
and  ou,  represent  the  same  stress  value  (far-field  or  ultimate)  in  the 
laminate.  Further,  it  may  be  remarked  that  the  values  of  2K  and  WQ 
can  be  found  by  testing  fewer  specimens.  The  evaluation  of  the  rebound 
velocities  of  the  impacting  projectile  was  not  contemplated  initially. 
However,  as  an  after-thought,  it  was  decided  to  apply  the  analytical 
model  developed  in  another  research  project  (44)  to  the  current 
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experimental  data.  The  graphical  relationship  between  the  forward 
and  rebound  velocities  shown  in  Reference  44  is  reproduced  here  shown 
as  Figure  16  and  the  rebound  velocities  for  the  current  results  are 
estimated  from  this  Figure  16.  It  may  be  noted  that  the  rebound 
velocities  shown  in  Figurel6were  obtained  by  testing  a  T300/5208 
composite  material  with  (+452*  -452,  02,  ^^s  pIy  orientation  and 
stacking  sequence.  Since  the  rebound  velocity  was  observed  to  be  about 
10%  of  the  magnitude  of  the  forward  velocity  (44),  the  error  introduced 
in  assuming  the  rebound  velocities  as  10%  of  the  forward  velocities  in 
the  present  results  reported  here  was  considered  to  be  small. 

The  numerical  values  shown  in  the  table  below  we~e  obtained  from  the 
faired  curve  shown  in  Figure  17  . 

REGRESSION  TABLE  TO  EVALUATE  CONSTANTS  OF  IMPACT  MODEL 


No. 

x  =  W 

y  ■  W'* 

7 - 

xy 

1 

100 

2.04 

10,000 

204 

2 

300 

4.53 

90,000 

1,359 

3 

500 

6.57 

250,000 

3,285 

4 

700 

7.72 

490,000 

5,405 

5 

900 

8.16 

810,000 

7,344 

6 

1,100 

8.56 

1,210,000 

9,405 

7 

1,300 

8.65 

1,690,000 

11,245 

8 

1,500 

8.65 

2,250,000 

12,975 

9 

1,700 

8.70 

2,890,000 

14,790 

10 

1,900 

9.18 

3,610,000 

17,442 

I 

10,000 

72.75 

13,300,000 

83,454 

Using  the  method  of  least  squares  and  linear  regression  analysis. 


the  following  matrix  representation  is  written: 


n 

n 

n 

l  1 

1 

1  x 
» 

b 

3 

n 

n 

n 

l  X 

l  X* 

a 

l  (xy) 

i 

i 

l 

Substituting  numerical  results  from  the  table  on  the  preceding  page, 
the  above  representation  is  written  as, 


10 

10  x  103 

b 

72.75 

s 

10  X  103 

13.3  x  106 

a 

83,454 

The  above  matrix  results  in  the  following  equations: 
b  +  1000  a  *  7.275 
b  +  1330  a  =  8.345 

Solving  the  above  equations,  the  values  of  a  and  b  are  found  to  be 
a  =  0.0032  and  b  =  4.075. 

Using  these  values  of  a  and  b,  the  numerical  values  of  2K  and  WQ  are 
found  to  be 


2K  =  0.032, 

WQ  >  -961  in-lb/in. 
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The  equation  (e),  p.  15,  can  now  be  re-written  as 
or/o0  =  [0.0032{W  +  961)  +  1]"* 

Knowing  the  values  of  oQ  (far-field  stress)  and  the  kinetic  energy 
of  impact  per  unit  laminate  thickness,  the  residual  strength  of  the 
laminate  corresponding  to  any  particular  energy  level  of  impact  can 
be  predicted.  The  analytical  results  thus  obtained  are  represented 
in  Figure  17. 
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APPRENDIX  B 


FATIGUE  MODEL 

The  wearout  and  the  power  law  models  discussed  in  detail  in 
Reference  37  were  briefly  restated  here  on  p.  16.  The  model  parameters 
were  calculated*  using  the  present  data  (Table  8).  A  computer  program 
(37)  was  used  to  perform  the  iterative  computations.  The  seven  columns 
in  the  data  analysis  tables  (for  both  the  wearout  and  power  law  models) 
refer  to:  data  point  number,  maximum  cyclic  stress  (SMAX),  minimum  cyclic 
stress  (SMIN) ,  number  of  cycles,  residual  strength  (SRES),  panel  number, 
and  test  condition  code  (CODE).  CODE  a  i  designates  static  test  data; 

CODE  a  2  designates  fatigue  test  data;  and  CODE  a  1002  designates 
censored  fatigue  test  data.  The  fatigue  model  parameters,  given  at  the 
end  of  respective  tables,  were  determined  using  two  model  fitting  algorithms. 

The  probability  of  survival,  P  (oe),  as  a  function  of  the  equivalent 
static  strength,  <jg,  data  is  shown  in  Figure  21  for  the  wearout  model.  The 
corresponding  results  for  the  power  law  model  are  shown  in  Figure  22. 

The  basis  in  calculating  the  ordinates  of  the  theoretical  curve  is  equation 
(b),  p.  16,  in  which  the  equivalent  static  strength,  oe>  values  were 
assumed.  On  the  other  hand,  equations  (a)  and  (b),  p.  16,  were  used 
(with  or  3  ofl)  to  calculate  the  coordinates  of  the  "experimental  data" 
points  shown  in  Figures  21  and  22.  Appropriate  numerical  values  (shown 
on  the  following  pages)  for  the  model  parameters  were  utilized  in  using 
the  equations  (a)  and  (b),  p.  16. 


♦The  data  reduction  was  performed  by  Dr.  George  Sendeckyj,  Program 
Monitor  for  this  contract. 
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Wearout  Model: 


Data  Tables 


MATERIAL:  T300/934  GRAPHITE -EPOXY  DATA  FILE(S):  AWA 


ponrr 

S11AX 

SMXH 

CYCLES 

SEES 

PA1TEL 

CODE 

l 

77.96 

0.00 

1 

77.96 

12 

1 

2 

83.21 

0.00 

1 

83.21 

12 

1 

3 

93.17 

0.00 

1 

93.17 

12 

1 

4 

80.03 

0.00 

1 

80.03 

10 

1 

5 

73.04 

0.00 

1 

73.04 

11 

1 

6 

87.70 

0.00 

1 

87.70 

13 

1 

7 

79.50 

0.00 

1 

79.50 

7 

1 

8 

71.84 

0.00 

1 

71.34 

9 

1 

9 

94.05 

0.60 

1 

94.05 

12 

1 

10 

92.27 

0.00 

1 

92.27 

7 

1 

11 

76.69 

0.00 

1 

76.69 

5 

1 

12 

34.09 

3.41 

1000000 

71.18 

9 

2 

13 

33.94 

3.39 

800000 

33.94 

5 

1002 

14 

34.09 

3.41 

1000000 

93.20 

8 

2 

15 

34.09 

3.41 

1000000 

84.81 

12 

2 

16 

34.09 

3.41 

1000000 

87.25 

9 

2 

17 

40.72 

4.07 

1000000 

73.67 

6 

2 

18 

40.36 

4.04 

1000000 

78.37 

7 

2 

19 

40.72 

4.07 

1000000 

82.29 

9 

2 

20 

40.18 

4.02 

1000000 

80.59 

1 

2 

21 

40.36 

4.04 

1000000 

84.94 

10 

2 

22 

44.84 

4.43 

1000000 

58.57 

13 

1002 

23 

44.34 

4.43 

1000000 

77.35 

1 

2 

24 

44.25 

4.43 

1000000 

78.11 

1 

2 

25 

44.84 

4.48 

100C000 

91.36 

8 

2 

26 

53.31 

5.33 

1000000 

70.01 

3 

2 

27 

53.31 

5.33 

531500 

53.31 

1 

2 

28 

52.40 

5.24 

106700 

52.40 

2 

2 

29 

53.81 

5.33 

lOOCOOO 

76.31 

7 

2 

30 

53.31 

5.33 

100C000 

59.53 

10 

2 

31 

61.36 

6.14 

72730 

61.36 

12 

2 

32 

59.73 

5.97 

187230 

59.73 

6 

2 

33 

60.54 

6.05 

17  4370 

60.54 

10 

2 

34 

59.73 

5.97 

264530 

59.73 

7 

2 

35 

59.73 

5.97 

145300 

59.73 

7 

2 

36 

63.74 

6.37 

122600 

63.74 

5 

2 

37 

61.95 

6.20 

35400 

61.95 

1 

2 

38 

61.95 

6.20 

23620 

61.95 

6 

2 

39 

60.37 

6.09 

15140 

60.37 

13 

2 

40 

63.35 

6.24 

•  4130 

63.35 

4 

1002 

41 

66.67 

6.67 

18220 

66.67 

6 

2 

42 

67.26 

6.73 

1040 

67.26 

2 

2 

43 

67.26 

6.73 

23-00 

67.25 

n 

— 

2 

44 

67.87 

6.79 

2G3-»0 

67.37 

3 

2 

45 

67.37 

6.79 

o630 

67.37 

9 

2 
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MATERIAL:  T300/934  GRAPHITE-EPOXY 


Data  File(s):  Avva 


POINT 

SMAX 

SMIN 

CYCLES 

SRES 

PANEL 

CODE 

46 

71.75 

7.13 

9870 

71.75 

3 

2 

47 

71.75 

7.13 

2260 

71.75 

7 

2 

43 

71.75 

7.13 

21670 

71.75 

2 

2 

49 

71.75 

7.13 

5440 

71.75 

10 

2 

50 

71.75 

7.13 

6720 

71.75 

5 

2 

51 

76.92 

7.69 

160 

76.92 

13 

2 

52 

76.23 

7.62 

200 

76.23 

3 

2 

53 

76.23 

7.62 

1000 

76.23 

7 

2 

54 

76.23 

7.62 

120 

76.23 

1 

2 

55 

76.23 

7.62 

170 

76.23 

3 

2 

56 

76.23 

7.62 

630 

76.23 

8 

2 

57 

75.22 

7.52 

200 

75.22 

9 

2 

58 

76.92 

7.69 

300 

76.92 

5 

2 

59 

76.92 

7.69 

10 

76.92 

9 

2 

60 

75.22 

7.52 

490 

75.22 

3 

2 

61 

80.72 

8.07 

1000 

80.72 

5 

2 

62 

80.72 

8.07 

310 

80.72 

9 

2 

63 

81.82 

8.18 

330 

81.82 

3 

2 

64 

79.65 

7.97 

10 

79.65 

3 

2 

65 

81.45 

8.15 

710 

81.45 

9 

2 

Wearout  Model: 

Parameter 

Estimates 

(Overall 

and  panel 

-to-panel ) 

The  parameters  in  the  column,  with  heading  least  squares,  were 


obtained  by  minimizing  the  sum  of  squares  error  for  the  equivalent 
static  strength  distribution.  The  parameters  in  the  column,  with  heading 
max.  shape,  were  obtained  by  maximizing  the  shape  parameter.  The  same 
comments  apply  to  the  power  law  model  parameters  also.  The  values  of 
the  maximum  shape  parameters  were  used  in  plotting  the  numerical  data. 


VEAROUT  MODEL  -  T-T,  SMAX  BASED  I/EI3ULL  PARAMETER  ESTIMATES 


MAX  SHAPE 

'C'  PARAMETER  •  .010755 

SLCPE  PARAMETER  -  .0499539 

SHAPE  PARAMETER  -  16.3573 

SC.LS  PARAMETER  •  86.6037 

62  TU  ROOT  OF  MAXIMUM  LIVELIHOOD 
3  DATA  POIMTS  CEUSORED 


LEAST  SQUARES 
3.13163E-03 
.0504573 
15.2554 
83.9536 

.0421038  .0416232 


PANELS 


MATERIAL:  T300/934  GRAPHITE-EPOXY  DATA  FILE(S):  AWA 


point 

SMAX 

SHIN 

CYCLES 

SEES 

PANEL 

CODE 

l 

40.  IS 

4.02 

1000000 

80.59 

1 

2 

2 

44.34 

4.43 

10000G0 

77.35 

1 

2 

3 

44.25 

4.43 

1000000 

78.11 

1 

2 

4 

53.81 

5.3S 

531500 

53.81 

1 

2 

5 

61.95 

6.20 

35400 

61.95 

1 

2 

6 

76.23 

7.62 

120 

76.23 

1 

2 

WEAROUT  MODEL  -  T-T,  SMAX  BASED  1/EI3ULL  PARAMETER  ESTIMATES 

MAX  SHAPE  LEAST  SQUARES 


'C' 

PARAMETER 

m 

5.2426  IE-03 

4.64961E' 

SLOPE 

PARAMETER 

m 

.0494273 

.048181 

SHAPE 

PARAMETER 

m 

79.8717 

71.1933 

SCALE 

PARAMETER 

m 

79.6417 

79.1905 

6  TH  ROOT  OF  MAXIMUM  LIKELIHOOD  -  .21093 

.203535 

0  DATA  POINTS  CENSORED 


MATERIAL:  T300/934  GEAPHITE -EPOXY  DATA  FILE(S):  AWA 


POINT 

SMAX 

SHIM 

CYCLES 

SRES 

PANEL 

CODE 

1 

53.81 

5.38 

1000000 

70.01 

3 

2 

2 

67.37 

6.79 

28340 

67.87 

3 

2 

3 

71.75 

7.18 

9870 

71.75 

3 

2 

4 

76.23 

7.62 

200 

76.23 

3 

2 

5 

76.23 

7.62 

170 

76.23 

3 

2 

6 

75.22 

7.52 

490 

75.22 

3 

2 

7 

81.82 

8.18 

330 

81.82 

3 

2 

8 

79.65 

7.97 

10 

79.65 

3 

2 

UEAROUT 

MODEL 

-  T-T,  SMAX 

BASED  V.'EIEULL 

PARAMETER 

ESTIMATES 

MAX  SHAPE 

LEAST  SQUARES 

'C' 

PARAMETER  - 

4.97722S-04 

2.952S8E-04 

SLOPE 

PARAMETER  - 

.0642045 

.06346CG 

SHAPE 

PARAMETER  - 

41.2883 

36.6078 

SCALE 

PARAMETER  • 

80.3002 

79.1939 

8  TH  ROOT  OF  '.lAXIMUM  LIKELIHOOD  ■  .  10C627  .106249 

0  DATA  POINTS  CENSORED 
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MATERIAL:  T300/934  GF.APHIT2-EP0XY  DATA  FILE(S):  AWA 


poi:rr 

s:iax  ski:: 

CYCLES 

SRES 

PAUL 

CODE 

l 

76.69  0.00 

1 

76.59 

5 

1 

2 

33.94  3.39 

800000 

33.94 

5 

1002 

3 

63.74  6.37 

122600 

63.74 

5 

2 

4 

71.75  7.18 

6720 

71.75 

5 

2 

5 

76.92  7.69 

300 

76.92 

5 

2 

6 

80.72  8.07 

1000 

80.72 

5 

2 

WEAROUT 

MODEL  -  T-T,  SKAX 

BASED  t ’El  BULL 

PARAMETER 

ESTIMATES 

MAX  SHAPE 

LEAST  SQUARES 

'C'  PARAMETER  - 

2. 509242-04 

3.26514E-04 

SLOPE  PARAMETER  - 

.0669204 

.0557165 

SHAPE  PARAMETER  - 

37.3759 

35.023 

SCALE  PARAMETER  * 

79.6792 

79.2594 

5  TII  ROOT  OF  MAXIMUM  LIKELIHOOE 

l  -  .102361 

.101277 

1  DATA  POIirrS  CE1ISORED 

MATERIAL:  T300/934  GRAPHITE-EPOXY 

DATA  FILE(S): 

AWA 

POIOT 

smax  ski:: 

CYCLES 

SRES 

PAUL 

CODE 

1 

40.72  4.07 

1000000 

73.67 

6 

2 

2 

59.73  5.97 

187230 

59.73 

6 

2 

3 

61.95  6.20 

2S620 

61 .  °5 

6 

2 

4 

66.67  6.67 

10230 

66.67 

6 

2 

UEAROUT 

MODEL  -  T-T,  SKAX 

BASED  ’..’EIBULL 

para:  ITER 

ESTIK 

ATES 

MAX  SHAPE 

LEAST  SQUARES 

'c'  parameter  - 

4.2S35E-C4 

1.163AC2-C3 

SLOPE  PARAMETER  - 

.047989 

.0395*76 

SHAPE  PARAMETER  - 

78.2239 

61.5534 

SCALE  PARAMETER  - 

73.563 

74.26  1  2 

4  TH  ROOT  OF  VA'A IMUM  LIKELIHOOD  -  .190163  .17127 

0  DATA  ?oi::ts  cekscred 


133 


I 


I 


PANELS 


‘MATERIAL:  T300/934  GRAPHITE -EPOXY  DATA  FILE(S):  AWA 


poixt 

SMAX 

SMI  21 

CYCLES 

SRES 

PAKEL 

CODE 

l 

79.50 

0.00 

1 

79.50 

7 

1 

2 

92.27 

0.00 

1 

92.27 

7 

1 

3 

40.36 

4.04 

1000000 

78.37 

7 

2 

4 

53.81 

5.38 

1000000 

76.31 

7 

2 

5 

59.73 

5.97 

264530 

59.73 

7 

2 

6 

59.73 

5.97 

145300 

59.73 

7 

2 

7 

71.75 

7.18 

2260 

71.75 

7 

2 

8 

76.23 

7.62 

1000 

76.23 

7 

2 

WEAROUT 

MODEL  - 

T-T,  SMAX 

BASED  U El BULL 

PARAMETER 

ESTIMATES 

MAX  SHAPE 

'C'  PARAMETER  -  .0417203 

SLOPE  PARAMETER  -  .046126 

SHAPE  PARAMETER  -  25.6053 
SG4LE  PARAMETER  -  89.4583 
8  TH  ROOT  OF  MAXIMUM  LIKELIHOOD 
0  DATA  POIIJTS  CEKSORED 


.0556201 


LEAST  SQUARES 
7 . 53737E-03 
.0464321 
18.6204 
85.3438 
.0514297 


MATERIAL 

:  T300/934  GRAPHITE- 

-EPOXY 

DATA  F 

ELE(S): 

AWA 

pourr 

SMAX 

SKIM 

CYCLES 

SRES 

PAKEL 

CODE  I 

l 

71.84 

0.00 

1 

71.54 

9 

1  1 

2 

34.09 

3.41 

1000000 

71.13 

9 

2 

3 

34.09 

3.41 

lOGOOOO 

87.25 

9 

2 

4 

40.72 

4.07 

1000000 

82.29 

9 

2 

5 

67.87 

6.79 

8630 

67.37 

9 

2 

6 

7  5.22 

7.52 

200 

75.22 

9 

2 

7 

76.92 

7.69 

10 

76.92 

9 

2 

8 

80.72 

8.07 

310 

30.72 

9 

2 

9 

81.45 

8.15 

710 

81.45 

9 

2 

l.’EAROUT 

MODEL  - 

T-T,  SMAX  BASED  L’EISULL 

PARAMETS 

r  estimates 

MAX  SHAPE 

'C'  PARAMETER  -  1.005S3E-03 

SLOPE  PARAMETER  -  .0887912 

SHAPE  PARAMETER  -  18.0711 

SGVL2  PARAMETER  -  82.6004 

9  TH  ROOT  OF  MAXIMUM  LIKELIHOOD  -  .0455475 

o  data  ?oi:r:s  ceksorsd 


LEAST  SQUARES 
3.74S0EE-04 
.0887696 
16.9525 
81.1411 
.0459506 
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PANELS 


MATERIAL :  T300/934  GRAPHITE-EPOXY  DATA  FILE(S):  AWA 


poi:rr 

SMAX 

SMI  U 

l 

77.96 

0.00 

2 

83.21 

0.00 

3 

93.17 

0.00 

4 

94.05 

0.00 

5 

34.09 

3.41 

6 

61.36 

6.14 

CYCLES 

SEES 

PAUEL 

CODE 

1 

77.96 

12 

1 

1 

83.21 

12 

1 

1 

93.17 

12 

1 

1 

94.05 

12 

1 

1000000 

84.81 

12 

2 

72730 

61.36 

12 

2 

WEAROUT  MODEL  -  T-T,  S'tAX  BASED  WEI  DULL  PARAMETER  ESTHETES 


MAX  SHAPE  LEAST  SQUARES 

'C'  PARAMETER  -  .0625254  .135864 

SLOPE  PARAMETER  -  .0468552  .0375061 

SHAPE  PARAMETER  -  18.604  17.563 

SCALE  PARAMETER  -  90.0365  89.2707 

6  TH  ROOT  OF  MAXIMUM  LIKELIHOOD  -  .0430665  .0425992 

0  DATA  POIKTS  CENSORED 


Power  Law  Model: 


Data  Tables 


•MATERIAL 

:  T300/934  GRAPHITE 

1 

13 

O 

DATA 

FILE(S) : 

AWA 

poiitt 

SHAX 

sun; 

CYCLES 

SRES 

PAIiEL 

CODE 

l 

77.96 

0.00 

1 

77.96 

12 

1 

2 

83.21 

0.00 

1 

83.21 

12 

1 

3 

93.17 

0.00 

1 

93.17 

12 

1 

4 

80.03 

0.00 

1 

80.03 

10 

1 

5 

73.04 

0.00 

1 

73.04 

11 

1 

6 

87. 7C 

0.00 

1 

87.70 

13 

1 

7 

79.50 

0.00 

1 

79.50 

7 

1 

8 

71.84 

0.00 

1 

71.34 

9 

1 

9 

94.05 

0.00 

1 

94.05 

12 

1 

10 

92.27 

0.00 

1 

92.27 

7 

1 

11 

76.69 

0.00 

1 

76.69 

5 

1 

12 

34.09 

3.41 

1000000 

71.18 

9 

2 

13 

33.94 

3.39 

800000 

33.94 

5 

1002 

14 

34.09 

3.41 

1000000 

93.20 

8 

2 

15 

34.09 

3.41 

1000000 

84.81 

12 

2 

16 

34.09 

3.41 

1000000 

87.25 

9 

2 

17 

40.72 

4.07 

1000000 

73.67 

6 

2 

18 

40.36 

4.04 

1000000 

78.37 

7 

2 

19 

40.72 

4.07 

lOOCOOO 

82.29 

9 

2 

20 

40.13 

4.02 

1000000 

80.59 

1 

2 

21 

40.36 

4.04 

lOOCOOO 

84.94 

10 

2 

22 

44.34 

4.43 

1000000 

58.57 

13 

1002 

23 

44.34 

4.43 

100C00C 

77.35 

1 

2 

24 

44.25 

4.43 

lOOCOOO 

78.11 

1 

2 

25 

44.34 

4.43 

lOOCOOO 

91.36 

3 

2 

26 

53.31 

5.33 

lOOCOOO 

70.01 

3 

2 

27 

53.31 

5.38 

531500 

53.31 

1 

2 

25 

52. 4C 

5.24 

106700 

52.40 

2 

2 

29 

53.31 

5. 35 

1000CC0 

76.31 

7 

2 

30 

53.31 

5.33 

1CC00CC 

59.53 

10 

2 

31 

61.35 

6.14 

72730 

61.26 

12 

2 

32 

59.73 

5.97 

137230 

59.73 

6 

2 

33 

60.54 

6.05 

174370 

60.54 

10 

2 

34 

59.73 

5.97 

264530 

59.73 

7 

2 

35 

59.73 

5.97 

145300 

55 .73 

7 

2 

36 

63.74 

6.37 

1225CC 

63.74 

5 

2 

37 

61.95 

6.20 

35400 

61.95 

1 

2 

35 

61.95 

6.20 

4.  VS  C  V 

61.95 

6 

2 

39 

60.37 

6.C? 

15140 

60.37 

13 

2 

40 

63.25 

6.34 

4135 

63.25 

4 

ioo: 

41 

66 .67 

6 .67 

13230 

66.67 

6 

*> 

* 

42 

67.25 

6.73 

1  I/'.V 

67.25 

2 

43 

67 . 25 

6.73 

22  430 

67.26 

2 

44 

67.37 

6.79 

23340 

67.37 

3 

2 

45 

67.37 

6.79 

3630 

67.57 

0 

136 


MATERIAL 

:  T300/934 

GRAPHITE-EPOXY 

POINT 

SMAX 

SMIN 

CYCLES 

SRES 

PANEL 

CODE 

46 

71.75 

7  .  lo 

9370 

71.75 

3 

2 

47 

71.75 

7.1G 

2260 

71.75 

7 

2 

43 

71.75 

7.13 

21670 

71 .75 

2 

2 

49 

71.75 

7.13 

5440 

71.75 

10 

2 

50 

71.75 

7.13 

6720 

71.75 

5 

51 

76.92 

7.69 

160 

76.92 

13 

2 

52 

76.23 

7.62 

200 

76.23 

3 

2 

53 

76.23 

7.62 

1000 

76.22 

7 

2 

54 

76.23 

7.62 

120 

76.23 

1 

2 

55 

76.23 

7.62 

170 

76.23 

3 

2 

56 

76.23 

7.62 

630 

76.23 

8 

2 

57 

75.22 

7.52 

200 

75.22 

9 

2 

58 

76.92 

7.69 

300 

76.92 

5 

2 

59 

76.92 

7.69 

10 

76.92 

9 

2 

60 

7  5.22 

7.52 

490 

75.22 

3 

2 

61 

80.72 

8.07 

1000 

80.72 

5 

2 

62 

80.72 

8.07 

310 

80.72 

9 

2 

63 

81.82 

8.18 

330 

81.32 

3 

2 

64 

79.65 

7.97 

10 

79.65 

3 

2 

65 

31.45 

8.15 

710 

81.45 

9 

2 

Power  Law 

Model:  Parameter 

Estimates 

(Overall  . 

ind  panel 

to  panel) 

PCUERLAW  MODEL  -  T-T,  SKAX  BASED  U  El  BULL  PARAMETER  ESTIMATES 


MAX  SHAPE  LEAST  SQUARES 

SLOPE  PARAMETER  -  .0270S73  .023764 

SHAPE  PARAMETER  -  14.6352  14.461 

SCALE  PARAMETER  -  87.9372  86.405 

62  HI  ROOT  OF  MAXIMUM  LIKELIHOOD  -  .0363333  .0366253 

3  DATA  POIIiTS  CEUSORED 


SEQUIV  -  SAPPL*( (SEES /SAPPL)“ ( 1/ SLOPE)* (CYCLES -1 )) “SLOPE 
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MATERIAL:  T300/934  GRAPHITE -EPOXY  DATA  FILE(S):  AWA 


POIRT 

StiAX 

SMIrl 

CYCLES 

SEES 

PAMEL 

CODE 

1 

40.10 

4.02 

1000000 

80.59 

1 

2 

2 

44.04 

4.48 

1000000 

77.35 

1 

2 

3 

44.25 

4.43 

1000000 

78.11 

1 

2 

4 

53.31 

5.33 

531500 

53.31 

1 

2 

5 

61.95 

6.20 

35400 

61.95 

1 

2 

6 

76.23 

7.62 

120 

76.23 

1 

2 

POUSRLAU 

MODEL 

-  T-T,  SMAX 

BASED  WEI BULL 

PARAMETER  ESTIMATES 

MAX  SHAPE 

LEAST  SQUARES 

SLOPE 

PARAMETER  • 

.0248156 

.0262512 

SHAPE 

PARAMETER  ■ 

22.4297 

22.363 

SCALE 

PARAMETER  - 

81.2131 

81.7536 

6  TH  ROOT  OF  MAXIMUM  LIVELIHOOD  -  .062G938  .0624216 

0  DATA  POINTS  CENSORED 


SEQUIV  -  SAPPL*( (SRES/SAP?L)"( 1/SL0PE)+(CYCLES-1 ) )"SL0PE 
MATERIAL:  T300/934  GEAPHITE-EPOXY  DATA  FILE(S):  AWA 


POIRT 

SMAX 

SMIH 

CYCLES 

SRES 

PAIEL 

CODE 

.  1 

76.69 

0.00 

1 

76.69 

5 

1 

1  2 

33.94 

3.39 

800000 

33.94 

5 

1002 

3 

63.74 

6.37 

122600 

63.74 

5 

2 

4 

71.75 

7.13 

6720 

71.75 

5 

2 

5 

76.92 

7.69 

300 

76.92 

5 

2 

6 

SC. 72 

8.07 

1000 

80.72 

5 

2 

PCWERLA*.:  MODEL  -  T-T.  SIAM  BASED  WEI  DULL  PARAMETER  ESTIMATES 

MAX  SHAPE  LEAST  SQUARES 

SLOPE  PARAMETER  -  6.S59G4S-C3  .0120941 

SHAPE  PARAMETER  -  17.4454  17.3143 

SCALE  PARAMETER  -  79.6731  82.3739 

5  TH  ROOT  OF  MAXIMUM  LIVELIHOOD  “  .0474636  .046734 

I  DATA  POINTS  CENSORED 

SEQUIV  -  SAPPL*(  ( SF.es/SAPPL)" ( 1/ SLOPE )+(CYCLZS-l ) )“SLO?E 
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MATERIAL:  T300/934  GRAPHITE-EPOXY  DATA  FILE(S):  AWA 


pourr 

SHAX 

SHI  II 

CYCLES 

SUES 

PANEL 

CODE 

l 

79.50 

0.00 

1 

79.50 

7 

1 

2 

92.27 

0.00 

1 

92.27 

7 

1 

3 

40.36 

4.04 

1000000 

78.37 

7 

2 

4 

53.81 

5.38 

1000000 

76.31 

7 

2 

5 

59.73 

5.97 

264530 

59.73 

7 

2 

6 

59.73 

5.97 

145300 

59.73 

7 

2 

7 

71.75 

7.18 

2260 

71.75 

7 

2 

8 

76.23 

7.62 

1000 

76.23 

7 

2 

POUERLAW  liODEL  -  T-T,  S1IAX  BASED  WEI  DULL  PARAMETER  ESTIMATES 


MAX  SHAPE 

LEAST  SQUARES 

SLOPE  PARAMETER 

-  .033313 

.0263092 

SHAPE  PARAMETER 

-  18.5902 

16.6156 

SCALE  PARAMETER 

-  90.6139 

86.6707 

8  TH  ROOT  OF  MAXIMUM  LIKELIHOOD  -  .0427707 

0  DATA  POIHTS  CENSORED 

.0425711 

SEQUIV  -  SAPPL*  C  (  SP.ES  /  SAPPL  )  “  ( 1/  SLOPS  ) + (  CYCLES  - 1 )  )  “  SLOPE 


•  in.  totwtmmr  rmrrm  am*  mi  .  m-tumi 
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